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Abstract 
The air-side thermal-hydraulic performance of serpentine-fin, flat-tube heat exchangers 
is compared to that of conventional plate-fin, round-tube designs for various fin geometries and 
surface conditions. Heat exchanger performance correlations are obtained through a critical 
review of literature and complementary analyses. The result shows a clear advantage of flat-
tube design under dry, low-Reynolds-number conditions in comparison to round-tube heat 
exchangers. The parametric effects on heat exchanger performance reported in the literature, 
the reasons of discrepancies, and the practical ranges of geometrical and operational parameters 
in applications are identified and summarized in this study. 
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Nomenclature 
Minimum flow cross-sectional area (m2) 
Frontal area (m2) 
Total heat transfer surface area (m2) 
Tube surface area (m2) 
Fin thickness to fin pitch ratio, b' = J f I Fp 
Fin collar diameter (mm) 
Hydraulic diameter (mm), Dh = 4AcL I Atot 
Tube inside diameter (mm) 
Major tube diameter for flat tube (mm) 
Tube outside diameter (mm) 
Fanning friction factor, f = 2MPair2 ( Ac J - (1 + (j2 {( P~ir'in J -IJ( Ac J( P~ir. J (PairVc) Atot \ POlr,out Atot POlr,m 
Flow depth, L (mm) 
Fin pitch (mm), fin spacing + fin thickness 
Airside total heat transfer coefficient (W/m2K) 
Sensible heat transfer coefficient (W/m2 K) 
Mass transfer coefficient (kglm2 s) 
Enthalpy of evaporation (J/kg) 
Colburnj factor, j = StPr 2/3 
Colburn j factor for 4-tube row heat exchanger 
Colburnj factor for N-tube row heat exchanger 
Thermal conductivity (W 1m K) 
Flow depth (mm) 
Louver height (mm), Lh = LpsinB 
Vll 
Lz Louver length (mm) 
Lp Louver pitch (mm) 
M Mass (kg) 
N Number of tube rows 
Nu Nusselt number, Nu = hoLp / kair 
Pd Pattern depth of wavy fin, wave height (mm) 
Pz Longitudinal tube pitch (mm) 
~ Transverse tube pitch (mm) 
M Pressure drop (Pa) 
Mfin Total pressure drop in louvered-fin bank (Pa) 
Re Dc Reynolds number based on fin collar diameter, Re Dc = Vc D c / V air 
Re L , Re Lp Reynolds number based on louver pitch 
Sz Slit length (mm) 
S p Slit pitch (mm) 
Sh Slit height (mm) 
Sh Sherwood number, Sh = hmLp / DAB 
T Temperature (OC) 
Td Tube depth (mm), same as flow depth, L, for single-row flat tubes 
Vc Average air velocity at minimum cross-sectional area (mls) 
w Specific humidity 
X f Halfwave length of wavy fin (mm) 
J3 Inclined angle of heat exchanger (0) 
5f Fin thickness (mm) 
r Condensate mass flow rate per unit width per tube row (kgls-m) 
f.1 f Dynamic viscosity of water (pa-s) 
v Kinematic viscosity of air (m2 /s) 
V111 
e Louver angle e) 
P Water vapor density (kglm3) 
Pair Air density (kglm3) 
(Y Area contraction ratio = Acl Afr 
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Chapter 1 - Introduction 
1.1 Introduction 
Most heat exchangers designed for HV AC&R applications involve a forced airflow 
through the exchanger, and the designs vary depending on specific requirements. These heat 
exchangers typically use fin-and-tube geometries and modified fin patterns to attain an 
enhancement of the air-side heat transfer, because the major limitation on the performance 
arises from the air-side heat transfer resistance. While conventional fin-and-tube heat 
exchangers have planar fins and round tubes, many contemporary designs have been developed 
with serpentine fins and flat tubes. Although round-tube exchangers are more widely used, flat-
tube exchangers have been popular in some applications where compactness is important. The 
performance differences between flat-tube heat exchangers and round-tube exchangers are not 
fully understood, because there have been much fewer investigations of the flat-tube geometry. 
This lack of data contributes to the narrower application of flat-tube heat exchangers in 
HV AC&R systems. 
1.2 Objectives 
This study is conducted as the first phase of a project aim at evaluating the air-side heat 
transfer and pressure-drop performance of serpentine-fin, flat-tube heat exchangers. Before the 
extensive experimental investigation in the next phase, it is required to conduct a literature 
review, a preliminary comparison of flat-tube to round-tube performance, and complementary 
modeling to predict the performance of flat-tube designs over a wide range of conditions. 
Through a critical review of the open literature, the performance characteristics of flat-tube and 
round-tube heat exchangers will be summarized, and the frequently applied ranges of geometric 
1 
and operational parameters in will be identified. Then the performance data from the literature 
will be evaluated, and the most reliable correlations will be selected. The performance of flat-
tube heat exchangers will be compared to that of round-tube heat exchangers by using these 
correlations and analytical methods. 
This assessment will be conducted for smooth, corrugated, and interrupted fins, over a 
wide range of geometric and operating parameters in HV AC&R applications, including dry, 
wet, and frosted surface conditions. In addition to the parameters traditionally considered as 
important, other parameters that may have crucial effect on flat-tube heat exchangers, 
especially on wet and frosted surfaces, will be identified. The results of current study will guide 
the experimental test matrix for the next phase of this work, by estimating the relevance of 
parameters, predicting potential disadvantages of certain geometries, and identifying possible 
improvements in designs. 
Ultimately, this research will provide a careful assessment of the serpentine-fin, flat-
tube geometry for HV AC&R applications. These findings will be highly valuable to design and 
development engineers as they work toward the next generation of highly compact, energy 
efficient HV AC&R systems. 
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Chapter 2 - Literature Review 
2.1 Methods 
The purpose of literature review is to establish the state-of-the-art for the air-side 
thennal-hydraulic perfonnance of the flat-tube and round-tube, finned heat exchangers typical 
to the configurations in Figure 2.1. The review considers plain, louvered, slit and wavy fins, 
including slight variations such as convex-louver and herringbone fins as suggested by the 
description of Figure 2.2. Operating conditions to include dry-, wet-, and frosted-surface 
perfonnance are reviewed. From this detailed assessment, the geometric and operating 
parameter space are identified, best-of-class perfonnance correlations are detennined, and a 
comparison of flat-tube to round-tube perfonnance is undertaken. 
Initially, related seed articles were obtained from within the research group, and a 
search was conducted using the Science Citation Index and Compendex to expand the reference 
list and include new work. The search was augmented through private communications to 
international research groups conducting gennane work. More than 150 articles were identified 
and collected as listed in alphabetical order in Appendix A. After a screening the literature, the 
most important articles were collected for extended presentation as the annotated bibliography. 
This set of articles is listed as references, with each article numbered, and the annotated 
bibliography-keyed to those numbers-is presented as Appendix B. 
The review presented in the rest of this chapter is topically organized. First, the 
literature related to round-tube heat exchangers is presented, organized by fin style and 
operating condition. Following that, an identical organization is used to present the review of 
the literature on flat-tube heat exchangers. Each subsection of this review is focused on 
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assessmg the behavior and physics relevant to exchanger performance. Care is taken to 
establish when contradictions or consensus exist in the literature, and to resolve it if a 
contradiction is apparent. The next chapters make use of this review in establishing the 
important parameter space and comparing performance. 
2.2 Plate-fin, round-tube heat exchanger 
2.2.1 Thermal-hydraulic performance of plain-fin, round-tube heat exchanger 
2.2.I.a Geometrical and operating condition effects under 9!:y surface conditions 
• Effect of fin pitch/thickness - Rich (1973) performed experiments on 4-row heat 
exchangers and concluded that both heat transfer and friction factors are independent of fin 
pitch. Wang et al. (1996) reported that fin spacing has negligible effect on heat transfer 
coefficient and both friction and Colburn j factors were found to be independent of fin 
thickness. Abu Madi et al. (1998) reported a slightly higher heat transfer for smaller fin 
thickness. Gray and Webb (1986) provided a j-correlation independent of fin pitch, but their f 
correlation has fin-pitch dependence that indicates an increase in f for smaller fin pitch. A 
recent report by Yan and Sheen (2000) concluded that both f and j factors increase for smaller 
fin pitch based on experiments on heat exchangers with fin pitch ranging from 1.4 to 2.0mm. 
The discrepancies on the effects of fin pitch in the literature appear to be due to geometrical 
variation and experimental uncertainties; however, the majority of reports conclude that f is 
higher for smaller fin pitch and j is relatively independent of fin pitch . 
• Effect of number of tube rows - Rich (1975) reported that heat transfer decreases as 
the number of tube rows increases at low Reynolds numbers, and his experiment shows a slight 
increase for a larger number of tube rows at very high Reynolds numbers. Yan and Sheen 
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(2000) reported that} decreases as the number of tube rows increases at low Reynolds number 
range. However, they reported that the number of tube rows has negligible effect on} at high 
Reynolds numbers and no effect on/over the entire range of Reynolds numbers. Abu Madi et 
al. (1998) also reported negligible effect of tube row on friction performance . 
• Effect of tube diameter/pitch/layout - Generally, heat exchangers with a staggered-
tube layout are better than those with an inline tube layout in heat transfer performance, 
because the staggered layout reduces the thermal wake effect in laminar flow. Most multi-row 
tube heat exchangers have a staggered-tube layout; whereas, the inline tube layout is found 
only in old articles presented for comparison to the staggered-tube layout. An article by Senshu 
et al. (1981) from experiments on two-row heat exchanger samples reported that the effect of 
longitudinal tube pitch and transverse tube pitch on heat transfer coefficient is relatively small. 
They also reported that plain-fin, round-tube heat exchangers have similar heat transfer to 
parallel plate heat exchangers when the air velocity is low, implying a negligible effect of fin 
collar diameter. However, the heat transfer coefficient is higher for fin-and-tube heat exchanger 
at high air velocity. Often the effects of tube diameter and tube pitches are considered in the 
development of the} and I correlations. 
2.2.1.b Geometrical and operating condition effects under wet surface conditions 
• Effect of wet surface - Most investigations of heat exchanger performance under wet 
conditions consider only fully wet surfaces. A surface is assumed to be fully wet when its 
temperature is lower than the dew point throughout the entire heat exchanger. A partially wet 
condition occurs when condensation is taking place only on a part of the surface. Although 
partially wet conditions occur in application, researchers have avoided this situation because it 
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complicates experimental interpretation. It is necessary to consider the dry- and wet-surface fin 
area separately for proper fin efficiency calculation. Unfortunately, observations of local 
surface conditions are difficult and may not be very effective, because the presence of dropwise 
condensation is sometimes difficult to judge visually. 
The condensate retained on the surface of a heat exchanger has hydrodynamic effects 
by changing the surface geometry and the airflow pattern. Furthermore, a water layer on the 
surface increases local surface heat transfer resistance. McQuiston (1978a) found an increase of 
both heat transfer and friction under wet conditions and reported that} is higher for dropwise 
condensation than filmwise condensation. Many other investigators agree on the increase off 
under wet condition, but there is not uniform agreement that} increases under wet conditions. 
Wang et al. (1997) found that} decreases under wet condition for low Reynolds numbers 
(ReDc<2000), and} is nearly the same or slightly higher than dry conditions for high Reynolds 
numbers (ReDc>2000). As explained earlier by Guillory and McQuiston (1973), condensate on 
a smooth wall can have a similar effect as that due to increasing surface roughness. The effect 
of surface roughness and a transition from laminar to turbulent flow under wet conditions 
reported by Tree and Helmer (1976) may explain the enhanced heat transfer at high Reynolds 
numbers. Jacobi and Goldschmidt (1990) explained that condensate at low Reynolds numbers 
is retained in a way that has detrimental effect on heat transfer-the effect diminishes as the air 
velocity increases and less condensate is retained. McQuiston (1978a) also reported that the 
increase of} under wet conditions was insignificant at very low Reynolds numbers. Korte and 
Jacobi (1997) showed in an experimental study of condensate drainage characteristics that the 
mass of retained condensate decreases as air velocity increases. Condensate can degrade heat 
transfer by occupying surface area and blocking airflow, and the decreased retention at high 
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velocities explains why both} andJunder wet conditions differ from dry conditions by less at 
higher Reynolds numbers for the plain-fin-and-tube heat exchanger . 
• Effect of fin pitchlthickness/wettability - Wang et al. (1997) reported that fin pitch 
has a very small effect on both f and} under dehumidifying conditions. Their conclusion was 
based on experimental data from 3 sample coils with a fin pitch from 2.0 to 3.0 mm. But Korte 
and Jacobi (1997) reported that sensible heat transfer and pressure drop are dependent on fin 
pitch and contact angle*. Their test coils had 14 tube rows and a fin pitch from 2.12 to 6.35 
mm. Some coils with hydrophilic coating had a 45° average contact angle, and others without a 
coating or with an anti-corrosion coating had contact angles of 60° to 75°. A sample with a 6.35 
mm fin pitch and a 75° contact angle showed an enhanced} under wet conditions, but there was 
no clear trend in} of a sample with 3.18 mm fin pitch. Their report did not show the cases when 
the sensible} was lower under wet conditions, which appear in other reports for heat 
exchangers with a small fin pitch. Korte and Jacobi reported that J was higher under wet 
conditions than for dry conditions for coils with a small fin pitch, but wet- and dry-surface f 
factors differed by less than the experimental error for large fin pitches. The fin pitch effect 
depended on the contact angle-the increase ofJunder wet condition was higher for smaller fin 
pitches and higher contact angles. A heat exchanger with lower contact angle retains less 
condensate and has a lower friction factor. Regardless of the contact angle, sensible heat 
transfer decreases and air-side pressure drop increases under wet condition as fin pitch 
decreases . 
• Contact angle - A measure of surface wettability defmed as the maximum or minimum angle between liquid-
gas contact line and liquid-solid contact line measured before the liquid-gas interface starts to move. The 
maximum angle is called as 'advancing contact angle (e A )' and the minimum as 'receding contact angle (e R ).' 
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• Effect of number of tube rows - The effect of the number of tube rows under wet 
conditions is similar to that under dry conditions. Wang et al. (1996) reported that} decreased 
as the number of tube rows increased and this effect was stronger for a smaller fin pitch, but 
they found/to be independent of fin pitch. Another article by Wang et al. (1997) reported the 
same conclusion . 
• Effect of inlet air humidity - Wang et al. (1997) reported that the effect of relative 
humidity on f is negligible for plain-fin, round-tube heat exchangers under fully wet conditions, 
and that} is almost independent of relative humidity. Another report by Wang and Chang 
(1998) reaches similar conclusions on the negligible effect of relative humidity on}, but their 
data indicated an effect on f for some conditions. They suggest that f is sensitive to relative 
humidity because the flow path becomes narrower with thicker water film at higher humidity. 
Wang et al. (1997) reduced their experimental data using the fin efficiency calculation method 
by Threlkeld (1970) to conclude the i-factor independence from relative humidity, but they 
reported that the} showed decrease with relative humidity if they use the calculation method of 
McQuistion and Parker (1994). An article on wet-fin-efficiency calculation methods by Wu and 
Bong (1994) discussed these fin efficiency calculation methods and supported the method by 
Threlkeld (1970), based on enthalpy as the driving potential. The effect of relative humidity on 
} factor under fully wet surface condition is negligible. Discrepancies on the effect of relative 
humidity found in the literature can probably be attributed to the differences in wet-fin-
efficiency calculation method. 
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2.2.1.c Geometrical and operating condition effects under frosted surface conditions 
• Effect of frosted surface - Although the frosting condition is similar to condensation 
in that it includes simultaneous heat and mass transfer to the surface, the frosting condition is 
different from condensation because the accumulated frost is not removed by drainage during 
steady-state operation. Therefore, true steady-state performance data cannot be obtained for 
frosting condition in the same way as for the condensing condition; because of the change of 
performance during the test period, a parameter of time-dependent scale, e.g. total frost mass, 
must be considered. In addition to the total frost mass, it may be necessary to consider frost 
layer thickness, frost density, and thermal conductivity. Stoecker (1957, 1960), and Hosoda and 
Uzahashi (1967) developed a general description of the performance of plain-fin, round-tube 
heat exchangers under frosting conditions. They explained that the overall heat transfer 
coefficient initially increases by a surface roughness effect and later decreases due to the 
growing thermal resistance of the frost layer. The air-side pressure drop increases 
monotonically as the accumulation of frost continues. Since that early work, there have been 
discrepancies as to the change of overall heat transfer coefficient with time. Emery and Siegel 
(1990) reported that the initial influence of frost on heat exchanger performance depend on 
frost growth history which is determined by several operational parameters, and the frost effect 
after the early period depends only on specific humidity. They found that the heat transfer 
coefficient, after an early degradation, remains nearly constant for frost accumulation from 8 to 
50 kg/m2. They suggested the combined effects of an increase of local air velocity and an 
increase of frost thermal conductivity by frost densification compensate for the increase of frost 
thickness. Rite and Crawford (1990) reported a constant frosting rate over a test period of 10 
hours and a small influence of the airflow rate on the frosting rate. They explained these 
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findings as due to the increased local air velocity and mass transfer coefficient accompanying a 
blockage effect. Rite and Crawford found an increase in overall heat transfer coefficient over 
the test period, and they attributed it to an increase in heat transfer coefficient through the 
surface roughness effect by frost. Kondepudi and O'Neal (1989) reported that the overall heat 
transfer coefficient remains nearly constant in time while the airflow rate is maintained 
constant. They suggested that the heat transfer coefficient decrease reported by others might 
have been caused by a decrease in airflow rate. All experiments by Emery and Siegel (1990), 
Rite and Crawford (1990), and Kondepudi and O'Neal (1989) were conducted while the 
airflow rate was maintained constant, and their reports showed a constant or slightly increasing 
heat transfer coefficient over the test period. However, in application the airflow rate is usually 
determined by a fixed fan power and the accumulation of frost is likely to be accompanied by a 
decrease in heat transfer coefficient. 
• Effect of geometry - Horuz et al. (1998) predicted heat exchanger performance under 
frosting conditions using the heat transfer coefficient data by Yamankaradeniz (1990) and Kays 
and London (1984). They found that the overall heat transfer coefficient increases for larger fin 
pitches even though the cooling capacity decreases because there is less surface area. 
Kondepudi and O'Neal (1990) investigated the effects of fin pitch and fin type on frosted heat 
exchanger performances. Unfortunately, their derivation of heat transfer coefficient appears to 
be erroneous because they used a fixed surface area for different geometries. However, when 
the actual heat transfer surface area is considered, their data show that total heat transfer 
coefficient is higher for a larger fin pitch. They found that the heat transfer coefficient 
decreases slightly at the end of test period for a small fin pitch (18 fpm, 1.41 mm), while it 
remains almost constant for a larger fin pitch (10 fpm, 2.54 mm). The air-side pressure drop is 
10 
larger for a smaller fin pitch and increases faster during the test period because of more frost 
accumulation and blockage effects. They noticed that there is a significantly more frost 
formation near the entrance of heat exchanger, and the pressure drop in this area becomes the 
limiting factor that determines the operation period before defrosting cycle. Ogawa et al. 
(1993) investigated several methods to attain more even frost distribution over the heat 
exchanger by changing fin pitch or fin efficiency at the entrance region. They increased local 
fin pitch by fin-staging or fin-partial-cut method to decrease fin surface area and to allow an air 
bypass at the entrance region. By these geometrical modifications, airside pressure drop 
decreased and heat transfer increased . 
• Effect of operating condition - Ostin and Andersson (1991) investigated frost growth 
characteristics on parallel horizontal plates and the effects of operational parameters. They 
reported that frost thickness becomes higher for a higher relative humidity and a lower surface 
temperature, and that a higher air velocity increases frost density with a negligible effect on 
frost thickness. However, along with a higher frost density, frosting rate increases for a higher 
air velocity. Kondepudi and O'Neal (1989, 1990) also reported that frosting rate increases for a 
higher relative humidity and a higher air velocity. But Rite and Crawford (1990) reported that 
frosting rate was independent of airflow rate. They argued that a higher airflow rate imposes a 
larger heat transfer load on the heat exchanger and raises the surface temperature, and the 
enthalpy driving potential decreases and compensates the increase of mass transfer coefficient. 
It can be explained that the enthalpy driving potential increases for a higher humidity and a 
lower surface temperature, but the surface temperature depends on the relative heat capacity of 
both the air-side and tube-side fluid. Therefore, a higher airflow rate mayor may not have 
influence on the frosting rate. Ostin and Andersson (1991) also found two distinct frost growth 
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patterns; one was a monotonic growth of both frost thickness and density, and the other was an 
abrupt densification of frost layer by cyclic melting of upper frost layer. They observed the 
second pattern under conditions when the relative humidity was higher than 50% and the fin 
surface temperature lower than -10°C. Other papers have mentioned this cyclic melting of frost 
layer but there has not been a clear explanation of why one or the other pattern manifests. 
2.2.2 Thermal-hydraulic performance of louvered-fin, round-tube heat exchanger 
2.2.2.a Geometrical and operating condition effects under Qry surface conditions 
• Effect of fin pitch/thickness - Chang et al. (1995) reported that fin pitch has a 
negligible effect on both} and / factors based on experiments on 8 samples of louvered-fin, 
round-tube heat exchangers. Wang et al. (1998) investigated the performance of 17 test 
samples, and reported that} decreases as fin pitch decreases for ReDc<1000 and} is independent 
of fin pitch for ReDc>1000. The effect of fin pitch on/factor was found to be relatively small 
compared to the case of plain-fin heat exchangers. Reflecting this dependence of} on Reynolds 
number, Wang et at. (1999) provided two separate} factor correlations, each applicable in a 
particular Reynolds number range. Yan and Sheen (2000) reported no discernable trends in} 
with fin pitch in their experimental results, and / factor increases for smaller fin pitch. 
Generally the effect of fin pitch on the performance of louvered-fin heat exchangers is found to 
be relatively smaller than that on other fin types . 
• Effect of number of tube rows - Chang et al. (1995) found that heat transfer 
coefficient decreases as the number of tube rows increases for ReDc<3000 and friction factor is 
independent of the number of tube rows. Wang et al. (1998) also reported that f factor is nearly 
independent of number of tube rows. They observed that} factor decreases with a larger 
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number of tube rows for Reoc<2000, and} is independent of tube rows for Reoc>2000. Yan and 
Sheen (2000) found a similar result. Wang et al. (1998) explained that the degradation of heat 
transfer at low Reynolds numbers is due to the effect of thermal wakes downstream of the 
tubes, which is more detrimental to a heat exchanger with larger number of tube rows because 
it has longer airflow depth, and this effect is mentioned as wake-unrecovery-effect by Suzuki et 
at. (1989). Wang et al. (1998) argued that the dependence of} factor on the number of tube 
rows disappears at high Reynolds numbers, when the downstream eddies from the tubes and 
the turbulence mixing enhance the heat transfer. 
• Effect of tube diameter - Air-side friction decreases for a smaller tube diameter as 
reported by Wang et al. (1998). They reported that heat transfer decreases for a larger tube 
diameter at low Reynolds numbers, because the ineffective downstream region is greater for a 
larger tube. They reported that the effect of tube size disappears for high Reynolds numbers due 
to the turbulence mixing. 
2.2.2.b Geometrical and operating condition effects under wet surface conditions 
• Effect of fin pitch - Fu et al. (1995) found an independence of} factor of the fin pitch 
under dry surface conditions. Under wet conditions, they reported that the sensible} factor 
decreases with a smaller fin pitch for Reoc<2000, and} is independent of fin pitch for 
Reoc<2000; the ffactor increases for a smaller fin pitch. They reasoned that the dependence off 
and} on fin pitch diminishes as the airflow reaches the blow-off velocity. Wang et al. (2000) 
also reported a similar result that for a smaller fin pitch;ffactor increases and} factor decreases 
when Reoc<1000. For higher Reynolds numbers, the effect of fin pitch on f and} becomes 
weaker especially for multi-tube-row heat exchangers. They argued that the change of flow 
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pattern by condensate becomes more detrimental to the friction performance when fin pitch is 
smaller. They assumed that there is more condensate retention when the fin pitch is smaller and 
the Reynolds number is lower. Although they did not measure the amount of retained 
condensate to prove the intermediate role of the condensate, other reports about condensate 
retention, e.g. Korte and Jacobi (1999), show the increase of condensate retention for a smaller 
fin pitch, which results in a higher friction and a lower heat transfer . 
• Effect of number of tube rows - Wang et al. (2000) reported a relatively small effect 
of the number of tube rows on f and} factors under most wet conditions. Only at low Reynolds 
numbers,} factor decreases as the number of tube rows increases. The effect of number of tube 
rows under wet conditions is almost same as that under dry conditions . 
• Effect of operating condition - Wang and Chang (1998) reported that the sensible heat 
transfer coefficient is independent of relative humidity regardless of hydrophilic coating. They 
found also the air-side pressure drop is independent of relative humidity for uncoated samples, 
and the air-side pressure drop decreases at a lower relative humidity for samples with a 
hydrophilic coating. They found that the heat transfer enhancement due to louvers or slit-fins 
becomes negligible under wet conditions for a frontal air velocity lower than 0.7 mls. This 
result indicates that the decrease of sensible heat transfer coefficient by condensation is greater 
for interrupted fin heat exchangers than plain-fin heat exchangers. Based on their experimental 
data, Wang and Chang concluded that a hydrophilic coating decreases pressure drop but does 
not affect sensible heat transfer. Kim and Jacobi (2000) found a similar effect of coating on slit-
fin heat exchangers, and they explained that the filmwise condensation on surfaces with 
hydrophilic coating allows easier airflow than the dropwise condensation on uncoated surfaces. 
Fu et al. (1995) made different conclusions on the effect of relative humidity onfand} factors. 
14 
They reported that j decreases and f increases for a higher relative humidity. Reflecting on the 
issue of wet-fin-efficiency calculation method as discussed by Wang et at. (1997), the 
dependence of j factor on relative humidity is probably because they used McQuistion's fin 
efficiency calculation method. Wang et at. (2000) reported a relatively small effect of relative 
humidity on j factor and a slight increase of pressure drop for a higher humidity. Since the 
condensation mode * is a crucial parameter that depends on the surface contact angles, 
generalized conclusions about the effects of relative humidity on heat exchanger performance 
should be made with a careful consideration of surface condition. 
2.2.2.c Geometrical and operating condition effects under frosted surface conditions 
• Effect of frost accumulation - Kondepudi and O'Neal (1989, 1990) investigated the 
performance characteristics of louvered-fin, round-tube heat exchangers under frosting 
conditions. They reported that the frost accumulation increases over operating period and is 
influenced by fin pattern, fin pitch, air humidity, air velocity and surface temperature. They 
found a direct influence of frost accumulation on the air-side pressure drop. In comparison to 
plain and wavy-fin patterns, the louvered-fin has the highest pressure drop, due to the largest 
frost accumulation and the highest dry-surface pressure drop. They also reported a leading edge 
effect of frost accumulation; the upstream region has substantially more frost accumulation, 
which blocks airflow significantly while the downstream region is less blocked. They reported 
that the energy transfer coefficient, which includes both sensible and latent transfer, is 
relatively constant throughout the test period while the airflow rate is maintained constant. The 
energy transfer coefficient is determined by heat exchanger geometry, air velocity and frost 
• Condensation mode - A geometrical distinction of how condensate is retained on local surface area. Based on 
the shape of condensate, there are 'dropwise' and 'filmwise' condensation modes that depend on surface contact 
angles. 
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properties. They explained the constant energy transfer coefficient through a competition 
between thermal resistance of frost layer and increased local air velocity . 
• Effect of geometry - Kondepudi and O'Neal (1989, 1990) compared heat exchangers 
with plain-, wavy-, and louvered-fin patterns and concluded that louvered-fin heat exchangers 
have the highest sensible and latent heat transfer along with the largest frost accumulation. The 
superiority of louvered-fin exchangers was consistent throughout the test period. They could 
not observe an initial increase of heat transfer coefficient as is found for plain-fin exchangers, 
and this finding was explained as due to localized turbulence and additional surface area 
overshadowing the enhancement by rough frost in louvered-fin geometry. They reported that 
total frost accumulation increases as fin pitch decreases. Although they did not mention, their 
data imply that the frost accumulation per unit surface area increases as fin pitch decreases . 
• Effect of operating condition - Kondepudi and O'Neal (1989, 1990) found that frost 
accumulation increases with a higher relative humidity and a lower surface temperature 
because of a higher enthalpy driving potential. In a similar way to the effect of geometry, the 
operating condition for higher frost accumulation has higher energy transfer coefficient and 
higher pressure drop. However they also found that the energy transfer coefficient can be 
different even with the same amount of frost accumulation when the relative humidity is 
different. This finding indicates that heat exchanger performance may depend not only on the 
frost accumulation but also on other factors, e.g. frost properties or local distribution. 
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2.2.3 Thermal-hydraulic performance of slit-fin, round-tube heat exchanger 
2.2.3.a Geometrical and operating condition effects under illY surface conditions 
• Effect of fin pitch/thickness - Wang et al. (1999) reported that fin pitch has a stronger 
effect on slit-fin heat exchangers than louvered-fin heat exchangers. From their experiments on 
12 slit-fin test samples under dry condition, both heat transfer coefficient and pressure drop 
decreased as fin pitch increased . 
• Effect of number of tube rows - Wang et al. (1999) reported a relatively small effect 
of the number of tube rows on friction and a decreased} factor for an increasing number oftube 
rows. They observed a 'level off phenomenon of} factor when there were more than 4 tube 
rows and the fin pitch was small. In a 'level off,' contrary to the general trends that} decreases 
with Reynolds number,} increases to a peak and decreases with Reynolds number, and it is 
typical for exchangers with a large number tube rows. Du and Wang (2000) also reported that 
the number of tube rows has little effect on f factor, and that} factor decreases significantly 
with increasing number of tube rows for ReDc<1000 and is independent of tube rows for 
ReDc>2000. They explained this trend relying on the report by Mochizuki (1988), who 
suggested that a steady laminar flow inside a slit-fin core at low Reynolds numbers degrades 
heat transfer with a longer flow depth, and that uniform turbulence intensity eliminates flow 
depth effect at high Reynolds numbers. 
2.2.3.b Geometrical and operating condition effects under wet surface conditions 
• Effect of fin pitch - Kim and Jacobi (2000) investigated the thermal-hydraulic 
performance and condensate retention characteristics of slit-fin heat exchangers through 
experiments on 24 test samples with fin spacing 1.3, 1.5 and 1.7 mm. They reported that f 
17 
factor increases and} factor decreases for a smaller fin spacing under wet conditions. Since 
retained condensate can easily form bridges between fins with a smaller spacing, the 
degradation off and} may be explained as the effect of condensate fin bridges. However, as 
they mentioned, their experimental procedure had relatively high uncertainties, which can be 
misleading when conclusions are based on subtle trends . 
• Effect of number of tube rows - Kim and Jacobi (2000) reported that under dry 
conditions 2-row slit-fin heat exchangers had a lower f and a higher} factor than 3-row heat 
exchangers. But under wet conditions, 2-row coils had a higher f than 3-row coils, while} did 
not have a clear trend . 
• Effect of condensate retentionlhydrophilic coating - Kim and Jacobi (2000) showed 
that a hydrophilic coating can significantly reduce retained condensate. They reported that 
retained condensate per unit surface area decreases with a larger number of tube rows, and 
attributed this as a 'sweeping effect' of condensate drops in the airflow direction. A surface 
with a hydrophilic coating consistently had a lower air-side pressure drop under wet conditions, 
but the effect of coating on} factor under wet conditions was not clear in their result. 
2.2.3.c Geometrical and operating condition effects under frosted surface conditions 
No reports of slit-fin, round-tube heat exchangers under frosted surface conditions were 
found in the open literature. An evaluation of this geometry in this condition needs to be 
undertaken through experimental investigations. It may be that the slit-fin geometry is prone to 
easy frost blockage of the slit gap, and that its performance under frosting conditions has thus 
not received much attention because it is inferior to that of other surfaces. 
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2.2.4 Thermal-hydraulic performance of wavy-fin, round-tube heat exchanger 
2.2.4.a Geometrical and operating condition effects under illY surface conditions 
• Effect of fin pitch/thickness - Many articles about wavy-fin heat exchangers include 
both staggered- and inline-tube layout, and their conclusions differ according to the tube layout. 
Wang et al. (1997) reported that j factor is nearly independent of fin pitch and f factor shows a 
cross-over with Reynolds number; for Reoc<1000, f decreases with larger fin pitch, and for 
Reoc> 1000, f increases with larger fin pitch. Abu Madi et al. (1998) reported that friction is not 
influenced by fin thickness, and heat transfer coefficient increases for a smaller fin thickness . 
• Effect of number of tube rows/tube layout - Wang et al. (1997) reported that friction 
factor is independent of the number of tube rows for both inline- and staggered-tube layouts. 
About inline-tube samples, they reported that the effect of tube rows on j is similar to 
interrupted-fin heat exchangers; for Reoc<2000, j decreases as the number of tube rows 
increases, and for Reoc>2000, j is independent of the number of tube rows. In staggered-tube 
heat exchangers, j factor dependence on tube rows is quite different from inline cases; for 
Reoc<900, j decreases slightly with more tube rows, and for Reoc>900, j increases with more 
tube rows. Wang et at. explained that the thermal boundary layer along continuous wavy fins 
grows at low Reynolds numbers, and it degrades heat transfer more for longer flow depth by 
larger number of tube rows. However, as the Reynolds number increases the thermal boundary 
layer is broken as the airflow is driven by wave patterns, and the effect of thermal boundary 
layer diminishes. They explained the difference in j by tube layouts by arguing that only the 
staggered-tube layout has the enhancement of heat transfer by downstream turbulence. Kim et 
at. (1997) compared the effect of tube layout and fin pattern on the performance of wavy-fin 
heat exchangers. They reported that herringbone wavy fins have higher heat transfer than 
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smooth wavy fins. However the area goodness factor (jlj) of smooth type was higher, which 
means a higher friction with herringbone type. They also reported that staggered-tube layout 
gives higher heat transfer than inline layout. 
2.2.4.b Geometrical and operating condition effects under wet surface conditions 
• Effect of geometry - Wang et al. (1999) investigated the effect of geometrical 
parameters on the perfonnance of herringbone wavy fin heat exchangers under wet conditions. 
They found that the effects of fin pitch on f and j factors depend on the number of tube rows; f 
decreases as fin pitch increases, and this effect is stronger for 6-row coils than single-row coils. 
As fin pitch increases, sensible j factor increases for 6-row coils and decreases for I-row coils. 
The effect of tube rows on the herringbone fin heat exchangers under wet condition has unique 
behavior in f as the number of tube rows increases, f decreases unlike other fin geometries. 
However, sensible j factor, like other fin geometries, decreases with an increasing number of 
tube rows for small fin pitches and low Reynolds numbers. Wang and co-workers also reported 
effects of tube diameter combined with fin pitch and number of tube rows, but their conclusions 
about tube diameter need to be carefully examined since their plots with different tube 
diameters also involved different wave depths. 
2.2.4.c Geometrical and operating condition effects under frosted surface conditions 
• Effect of geometry - Kondepudi and O'Neal (1991) investigated the perfonnance of 
wavy-fin heat exchangers under frosting conditions considering both smooth and corrugated 
wave patterns. They found that there are insignificant differences between corrugated and 
smooth wave patterns. The effect of fin pitch is similar to that occurring on plain-, or louvered-
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fin patterns, for which a smaller fin pitch increases both frost accumulation and pressure drop. 
They observed that the energy transfer coefficient has a slight increase and decrease at initial 
stages but remains nearly constant during the rest of test period like other fin types . 
• Effect of operating condition - Similarly to other fin types, wavy-fin heat exchangers 
are strongly influenced by relative humidity and surface temperature under frosted surface 
conditions. Higher relative humidity and lower surface temperature increase both latent and 
sensible heat transfer coefficients and pressure drop. 
2.3 Serpentine-fin, flat-tube heat exchanger 
2.3.1 Thermal-hydraulic performance of plain-fin, flat-tube heat exchanger 
To our knowledge there has never been results presented in the open literature on this 
geometry. The airflow pattern in this type of heat exchanger is similar to that of a channel flow 
with simultaneously growing thermal and hydraulic boundary layers. Therefore, for the purpose 
of constructing a performance comparison, a semi-analytical model is developed as discussed 
in Chapter 4. The model suggests that this geometry performs poorly in comparison to the 
others studied. 
2.3.2 Thermal-hydraulic performance of louvered-fin, flat-tube heat exchanger 
Most heat exchangers with a flat-tube geometry have serpentine louvered fins with a 
single-row of flat tubes, but some heat exchangers are built with louvered plate fins and multi-
row flat (non-circular) tubes. Serpentine louvered-fin, flat-tube heat exchangers are often used 
in automotive applications because they have more compact design than round-tube heat 
exchangers. Webb and Jung (1992) described the advantages of a flat-tube design, noting that 
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flat-tube heat exchangers have airflow nonnal to all louvers, no tube-wake region which 
decreases heat transfer downstream of round tubes, a higher fin efficiency, and a lower profile 
drag due to smaller tube projected area. 
2.3.2.a Geometrical and operating condition effects under 4rY surface conditions 
The study of perfonnance characteristics of flat-tube heat exchangers has become 
important recently. Results on this geometry are incomplete compared to round-tube geometry, 
and in the reports the effects of geometrical parameters are often presented in fonns off and j 
factor correlations in a range of Reynolds number based on hydraulic diameter or louver pitch. 
While tube (or fin collar) diameter is used as the fixed characteristic length for round-tube heat 
exchangers, louver pitch is usually used as the fixed characteristic length for flat-tube heat 
exchangers. Fin pitch is important for both round and flat tube geometries, but tube diameters 
and pitches become less relevant to flat-tube heat exchanger perfonnance and instead, louver 
pitch, louver length, louver angle and fin thickness have more influence. Davenport (1983) 
investigated the perfonnance of louvered-fin heat exchangers in comparison to offset-strip fin 
heat exchanger correlations by Wieting (1975), and found similar heat transfer characteristics 
in louvered-fin and offset-strip-fin heat exchangers. Davenport described the physical 
significance of the ratio oflouver length to fin length, and later Osada et al. (1999) found it be 
an important parameter in condensate drainage under wet conditions. Achaicha and Cowell 
(1988) found that Stanton number was independent of Reynolds number for ReDh<300~1000. 
They explained this behavior with the report by Davenport (1980) that airflow is relatively duct 
directed at a low Reynolds number and louver directed at a high Reynolds number. This 
description of the flow is supported by Webb and Trauger (1991) who developed a correlation 
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for flow efficiency, defined as the ratio of transverse flow path length to ideal transverse flow 
path length. hI their flow visualization experiments, flow efficiency increased with Reynolds 
number as the airflow followed closer to the louver direction at a higher air velocity. Although 
there are many experimental data in this geometry, most reports did not state the effects of 
individual parameters but provided them indirectly as correlations. Chang and Wang (1997) 
and Chang et al. (2000) developed generalized friction and heat transfer correlations based on 
the experimental data from 91 test samples previously described in the technical literature. 
Multi-row, flat-tube heat exchangers as noted by Achaicha and Cowell (1988) have higher 
friction factor than single-row heat exchangers because of periodic contraction and expansion 
of airflow. Chang and Wang (1997) found also different heat transfer characteristics for multi-
row heat exchangers and developed two heat transfer correlations including and excluding 
them. 
McLaughlin and Webb (2000) investigated the performance of automotive heat 
exchangers under dry and wet condition. They reported that the heat transfer coefficient is not 
influenced by flow depth or louver pitch, but the friction factor increases for a smaller louver 
pitch and a larger tube thickness. hI contrast, Kaiser and Jacobi (2000) observed both heat 
transfer and pressure drop increases for smaller louver pitch and explained that the number of 
louvers along a streamline increases for a smaller louver pitch and a higher louver angle. 
However, since the conclusions from both reports are based on limited experiments, their 
observations should be generalized after further investigations over wider range of parameters. 
Suga and Aoki (1995) studied thermal wake effects in a multi-louver bank by 2-D numerical 
analysis, and they suggested a simple formula for fin pitch, louver pitch and louver angle that 
minimizes heat transfer degradation by thermal wakes. 
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2.3.2.b Geometrical and operating condition effects under wet surface conditions 
• Effect of geometry - McLaughlin and Webb (2000) reported that the sensible heat 
transfer coefficient is significantly higher for larger louver pitch under wet conditions. Pressure 
drop also slightly increased as louver pitch increased. Heat transfer decreased under wet 
conditions compared to dry condition, and the effect was significant for a small louver pitch 
(1.1 mm) but negligible for a larger louver pitch (1.3 mm). Air-side pressure drop decreased 
under wet conditions when louver pitch was 1.1 mm, and the pressure drop under wet 
conditions was similar or higher than that of dry conditions when louver pitch was 1.3 mm. 
They explained the effect of louver pitch in terms of condensate blockages between louvers 
(,inter-louver bridges'); the inter-louver bridges can be formed more easily for a smaller louver 
pitch, and they decrease heat transfer because they degrade the boundary layer interruption and 
the vortex shedding effects of louvers. However, air-side pressure drop decreases since water 
blockages between louvers induce duct-directed airflow. McLaughlin and Webb reported that 
the sensible heat transfer coefficient and pressure drop under wet conditions were similar to 
that under dry conditions when fin pitch was 2.4 mm, but when the fin pitch was 1.6 mm, heat 
transfer decreased and pressure drop increased under wet conditions. In a similar way to the 
formation of condensate louver bridges, they suggested that condensate bridges between fins 
(,inter-fin bridges') can be formed easily for a smaller fin pitch. Unlike inter-louver bridges, 
inter-fin bridges degrade both heat transfer and friction performance by occupying heat transfer 
area and blocking airflow. Kaiser and Jacobi (2000) investigated thermal-hydraulic 
performance and retention characteristics of automotive evaporators. They reported that, under 
wet conditions, the sensible heat transfer coefficient is lower than for dry conditions; they 
found pressure drop to be also higher for a wet surface than a dry surface due to smaller free 
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flow area. Similar to the result by McLaughlin and Webb (2000), they also found that heat 
transfer decreases more for smaller louver pitch. Kaiser and Jacobi reported that the differences 
between wet and dry performance decrease as Reynolds number increases, which is also a 
general trend for round-tube heat exchangers. They also found that heat exchangers that have 
less retained condensate in a steady running condition may have a higher heat transfer 
coefficient. 
2.3.2.c Geometrical and operating condition effects under frosted surface conditions 
There was no report in the literature on louvered-fin, flat-tube heat exchangers under 
frosted surface conditions. In practice, most heat exchangers used under frosting condition have 
round-tube geometry with a less compact design. Few reports about flat-tube heat exchangers 
under frosting condition were found for all fin types -louver, slit and wavy fins. 
2.3.3 Thermal-hydraulic performance of slit-fin, flat-tube heat exchanger 
2.3.3.a Geometrical and operating condition effects under Qry surface conditions 
Most reports on flat-tube heat exchangers with slit fins are not about serpentine fins but 
rectangular offset fins attached to flat tubes. These heat exchangers have unique geometrical 
parameters (a, p, y), and researchers have developed a number of performance correlations for 
this geometry. Manglik and Bergles (1995) compared heat transfer and friction correlations 
from previous reports by others and also developed f and j factor correlations based on 18 
samples, but they did not discuss effects of individual geometrical parameters. 
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2.3.3.b Geometrical and operating condition effects under wet surface conditions 
Kaiser and Jacobi (2000) studied two automotive evaporators with serpentine slit fins 
under wet conditions. They reported that slit-fin geometry is superior to louvered-fin in 
condensate drainage because water bridges are less stable in slit gaps than in louver gaps. 
However, they did not provide thermal-hydraulic performance data for these slit-fin samples. 
2.3.4 Thermal-hydraulic performance of wavy-fin, flat-tube heat exchanger 
As with the plan-fin, flat-tube geometry, no reports on the performance of wavy- or 
herringbone-fins with flat tubes were located in the literature. However, the similarity of this 
geometry to the plain-fin, flat-tube geometry (a developing channel flow) may allow a 
preliminary assessment by the methods of Chapter 4. Experimental data should be obtained for 
this geometry in order to fully evaluate its potential. 
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Figure 2.1 Typical fin-and-tube heat exchangers (From Wang et al., 1999); 
(a) Round-tube heat exchanger, (b) flat-tube heat exchanger 
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Figure 2.2 Various fin types and geometrical parameters; 
(a) Louvered fins (modified from Chang et ai., 2000) 
(b) Wavy fins (from Wang et ai., 1999) 
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(c) Slit fins (modified from Kim and Jacobi, 2000) 
(d) Rectangular offset-strip fins (from Manglik and Bergles, 1995) 
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Chapter 3 - Parameter Space and Performance Data 
3.1 Methods 
With the literature review of Chapter 2 and Appendices A through C in place, the purpose 
of this chapter is to identify the physical parameters important to the performance of heat 
exchangers, to delineate their range in application, and to select the best correlations available (or 
combinations of correlations) to provide performance predictions over the complete parameter 
space. Most reports in the literature provide descriptions of geometry and operating conditions 
along with experimental data or numerical results, and these articles are used in this new task. In 
selecting which articles to use, consideration was given to the range of parameters studied and to 
the overall veracity of the data as evidenced by the data uncertainty, internal consistency, and 
consistency with the rest of the literature. 
3.2 Parameter space 
3.2.1 Parameter space for round-tube heat exchangers 
Reports on the performance of round-tube heat exchangers usually consider tube 
diameter, number of tube rows, fin pitch, fin type, air velocity, and relative humidity as the most 
influential parameters. Tube diameter is the conventional fixed characteristic length for Reynolds 
number (or collar diameter for collared-fin constructions). The heat exchanger geometric ranges 
summarized in Table 3.1 are mostly designed for air-conditioning and refrigeration applications 
and represent the common application of this exchanger. The tube diameter ranges from 7 to 10 
mm, and the number of tube rows spans from 1 to 14. The effect of tube rows is sometimes 
regarded as a flow-depth effect for round-tube heat exchangers, and it is known that the number 
of tube rows has an insignificant effect for more than 4 tube rows. This result implies that fully 
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developed conditions are obtained for more than 4 tube rows. Fin pitch is the most important 
geometrical parameter, and it has been studied intensely over a wide range from 1.1 to 8.5 mm. 
Many investigations span a wide range of air face velocity from 0.3 to 20 mis, covering both the 
laminar and turbulent flow regimes. However, the practical range of operation is usually in 
laminar or transitional flow regime. The lowest airflow velocity reported in these studies is 0.3 
mis-the large experimental uncertainty at very low airflow rate becomes a limiting factor in 
data accuracy. The high limit of airflow velocity is lower for condensing and frosting conditions 
than dry conditions, because of the blockage effect of the retained water and frost layer. Relative 
humidity is considered for wet and frosting conditions. As discussed previously, most 
experiments for wet conditions have to ensure fully wet surfaces and the relative humidity ranges 
from 50 to 90%. A relative humidity can be below 50% was sometimes used for frosting 
conditions, because the surface temperature is significantly lower than the dew point. Although 
relative humidity is found to have an insignificant effect on sensible heat transfer under wet 
conditions if the fin efficiency calculation method by Threlkeld (1970) is used, latent heat 
transfer is obviously dependent on relative humidity for both wet and frosting conditions. As the 
effect of condensate retention on heat exchanger performance becomes an important subject in 
recent investigations, relative humidity might also become important because relative humidity 
determines condensation rate, which may influence steady state retention and the drainage 
characteristics of heat exchangers. 
There are other parameters that have been considered relatively less important. Tube 
layout, transverse/longitudinal tube pitch and fin thickness were studied in relatively early 
investigations but not recently. Heat exchangers with both staggered and inline tube layouts were 
made and studied in early papers, but as the advantages of the staggered-tube layout in fin 
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efficiency and thermal wake effect become obvious, the staggered-tube layout came to dominate 
in application. Transverse and longitudinal tube pitches are important design parameters but have 
not been intensely studied in the literature. As shown in Table 3.1, usually transverse tube pitch 
is larger than longitudinal tube pitch. Fin thickness is often limited by manufacturing capability 
and, therefore, although there are reports of improved performance for thinner fins, few 
investigators consider fin thickness effect. Heat transfer surface temperature has an influence on 
the latent heat transfer in condensing and frosting conditions, but most reports focus on sensible 
heat transfer coefficients, which are nearly independent of relative humidity and surface 
temperature. This approach is accepted as general, but there may be difficulties with the heat and 
mass transfer analogy under some extreme conditions. Although not shown in Table 3.1, usually 
an inlet coolant temperature between 0 and 10°C is chosen for condensing conditions, and a 
relatively small variation is allowed throughout the entire heat exchanger by imposing a high 
coolant flow rate. Reports on frosting conditions consider the influence of surface temperature on 
frost growth rate but only qualitative results have been reported. Usually under frosting 
conditions, a surface temperature value below -6 °C is maintained throughout heat exchanger. 
There are some parameters insufficiently covered in the literature but they are 
nevertheless important; i.e. louver pitch, louver angle, louver length, slit pitch, slit height, wave 
pattern length, and wavy height are found to have influences on heat exchanger performance. 
When condensate drainage under wet condition is studied, contact angle and heat exchanger 
orientation become more important. Frosted surface conditions have not been studied as 
completely as dry and wet conditions. Performance data for frosting conditions are very limited 
and no applicable correlations are found in the literature. 
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The parameter space in Table 3.1 gives the most completely studied range of design 
parameters, but it should be carefully considered that the ranges of individual parameters are not 
always independent of other parameters. For example, if a sample heat exchanger has fin pitch of 
1.2 mm, which is near the low limit of the range fin pitch, small values are usually chosen for 
other geometrical parameters like louver pitch. Furthermore, heat exchangers with a compact 
geometry are usually designed for a low or moderate air velocity and not for frosting conditions. 
3.2.2 Parameter space for flat-tube heat exchangers 
Important parameters for the performance of flat-tube heat exchangers are fin pitch, 
louver pitch/angle, and air velocity. As shown in Table 3.2, most reports consider only louvered-
fin types, and the parameter space for other fin types is impossible to be clearly identified from 
the literature. Tube pitch and diameter have relatively insignificant effects on flat-tube heat 
exchangers. Fin pitch is one of the most important parameters in flat-tube geometry and it ranges 
from 1.4 to 4 mm as shown in Table 3.2. For serpentine-fin geometry, adjacent fins may not be 
parallel, and this variation of fin pitch might influence the performance of serpentine-fin heat 
exchangers; unfortunately, most reports in the literature do not quantify or even consider these 
parameters. The effect of louver pitch on the performance of flat-tube heat exchangers may be 
better understood if its ratio with fin pitch is considered. It can be noticed that louver pitch is 
often slightly smaller than fin pitch from Table 3.2. Louver angle is also important because it 
influences thermal-hydraulic performance as well as condensate retention characteristics. Louver 
angle may not be easily measured in compact heat exchangers, but a wide range has been 
reported-Table 3.2 shows the range from 20° to 42°. The face velocity ranges from 0.5 to 20 
mis, but most reports consider a relatively low range of air velocity (below 5 mls). 
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Tube pitch, tube diameter and tube spacing are regarded as important parameters, but any 
two of them determines the third one by geometry. Tube spacing, which is same as fin length in 
serpentine-fin, flat-tube heat exchangers, is found to have more physical meaning when it is 
compared to louvered length. Table 3.2 shows that fin length ranges from 8 to 20 mm and louver 
length is always at least 1 mm smaller than fin length. As supported by Osada et al. (1999), 
condensate can more easily drain out when the difference of louvered length and fin length is 
smaller. However, there may be limitation by the difficulty in manufacturing serpentine-fin 
geometry, and 1 mm is identified as the practical minimum from Table 3.2. Reports in Table 3.2 
have a wide variety of flow depth from 20 to 100 mm and fin thickness from 0.05 to 0.15 mm. 
Flow depth and fin thickness are found both in heat transfer and friction correlations. 
Relative humidity and surface temperature become influential for wet and frosted 
conditions, and their ranges for flat-tube heat exchangers are similar to those for round-tube heat 
exchangers, but the effects of these operational parameters have not been thoroughly reported in 
the literature. Very recent studies of condensate retention and drainage effects have shown that 
surface contact angles and heat exchanger inclination angle become very important parameters, 
but there are insufficient data in the literature and reports are not consistent and controversial. 
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rows ture 
length 
D.(mm) F.,(mm) 6t(mm) N P,(mm) P~mm) L(mm) 
plain/slit! Lp, Sib Xc 
9(°) Sh, Pd(mm) Vc(rn!s) Ta.ineC) RH(%) 
louver/wavy (mm) 
I 7.264 1.3-1.7 0.076 2,3 21.65 12.7 24 slit!plain 1.5 0.76 0.75-2.5 25-40 42 
2 7.94-9.53 2.11-6.35 0.11-0.17 14 25.4 19.05-19.25 27 plain 1.2-9.9* 33-38 55 
4 10.06 1.27-2.54 2 25.4 19.05 louver 2.4-3.8 32 0.3-4.5 27 50-90 
5 10.2 2.54 0.33 3 25.4 22 88 plain 1-3 25.4 60 
6 10.23 1.82-3.2 2-6 10.23 22 plain 0.3-4.5 27 50-90 
7 9.5 2 0.12 1 22 plain 20-30 65-70+ 
9 7-9.52 1.22-1.71 0.26+ 2 20.4-21.0 12.7-16.7 louver/plain 1.4-3+ 15-25+ 
O.3-8(dry) 
27 50-85 
O.3-4(wet) 
14 9.96-19.51 1.07-8.51 0.146 1-8 20.35-50.73 17.58-44.09 plain 0.4-20+ 
16 9.5 1.41-2.53 1 22 wavy 0.66 0 65-80 
17 9.53 1.41-2.54 1 22 
louver/wavy 
0.64-1.02 0 60-85 
/plain 
19 9.53 1.27-1.81 0.14 1 louver 0.66-1.02 0 65-85 
28 10.06 1.69-4.8 0.12-0.2 1-4 25.4-29.4 19.05-29.4 wavy 4.76-7.35 1.5-2 0.3-5.5 
+ Approximate value 
* Maximum average velocity - at minimum cross-sectional area 
Table 3.1 Parameter space from typical round-tube heat exchangers 
Notes 
Surface 
condition 
DrylWet 
!Frosted 
DIW staggered 
DIW staggered 
DIW staggered 
W staggered 
DIW 
DIW 
Rem.~150 
-1500 
DIW staggered 
D 
Reo-500 
-24700 
F 50mins 
F 
F 
D staggered 
w 
VI 
Cit 
no. 
Tube Fin 
pitch length 
PI 
(mm) 
F,(mm) 
13 9.7-11 8.0 
20 8.00-8.73 
21 10.05 8.15 
22 10 
23 25 20 
27 II 9 
+ Approximate value 
Fin 
Fin pitch 
thickness 
Br 
Fp(mm) 
(mm) 
1.6-2.4 0.1 
1.69-2.12 0.09-0.\3 
1.4 
3.0-4.0 0.1 
1.91-2.16 0.15 
1.70-3.33 0.05 
FLAT TUBE 
I 
Geometric Parameters Operating Conditions Notes 
Louver Louver Inlet air 
Flow Louver Slit height, Inclined Face air Relative Surface 
depth 
Fin type width, slit pitch, 
angle wave height 
tempera-
angle velocity humidity condition 
width slit pitch ture 
plain/slit! LI, S, DrylWet 
L(mm) 
louver/wavy 
Lp(mm) 9(°) Sh,Pd(mm) ~(O) Vr(m!S) T •. ineC) RH(%) (mm) !Frosted 
50-.{i0 louver 7.0 1.1-1.3 30 0 2.0-4.0 24 85 DIW 
6.35- 0.64-0.85 
58-92 louver/slit 1.00-5.08 30-42 0-10 2-5+ DIW 
8.5I(slit) (slit) 
0.65-1.95+ 
Inclination test for 
20 louver 6.4 1.7 27 -60-.{i0 21-27 48 DIW 
Rl:Lp= 100-300 
Peltier device wall 
58-70 louver 1.2-2.0 25-35 0 1.3-4.0 27-30 50-.{i0 DIW 
cooling 
85-10 
louver 2.5 0 0.5-2.3 25-35 60+ DIW Serpentine tube 
0 
41.6 louver 0.81-1.4 20-30 0 0.5-20 D Tube size=16*2 
Table 3.2 Parameter space from typical flat-tube heat exchangers 
3.3 Preferred performance correlations 
3.3.1 Critical evaluation of the literature for selecting correlations 
Perfonnance correlations for heat transfer and pressure drop are identified from the 
articles collected and reviewed in Chapter 2, and the best correlations for each fin and tube 
geometry under each surface condition are selected using the critical review of literature. 
Through the review, the technical veracity of source data and resulting curve fits are assessed. 
From among the correlations identified in the same geometrical and operational category, the 
best ones are selected. Correlations developed from a large database that spans a wide range of 
parameters are preferred. Some recent articles have large databases that include the 
perfonnance data and correlations from several previous reports and such work provides more 
generality. Correlations provided with complete parametric descriptions are preferred. 
Correlations provided with clear statements of limitations and uncertainties are preferred. Often 
plots of actual data and correlations are shown in the literature, and we have made judgments to 
their accuracy. 
3.3.2 Selecting performance correlations for round-tube heat exchangers 
• Plain-fin, round-tube correlations - Round-tube heat exchangers have been studied for 
a few decades and many perfonnance correlations are found in the literature. One of most 
frequently cited set of correlations for plain-fin, round-tube heat exchangers under dry 
conditions is by Gray and Webb (1986). Aj factor correlation by Wang and Chang (1998) who 
modified the correlation by Gray and Webb (1986) to include a broader set of data, andffactor 
correlation by Wang et al. (1996) are selected as best, because of the wider range of parameters 
covered. Unfortunately, these correlations lack complete generality because the geometric 
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parameter space was not explored with each variable independent of others-a desirable but 
almost impossible approach. In order to help provide generality, the correlations by Abu-Madi 
et al. (1998) are also selected, because the provided limits of the intermediate non-dimensional 
parameters (Rl to R9) reduce the possibility of applying an unreasonable combination of 
parameters. The range of parameters for the correlations by Abu-Madi et al. was much smaller 
than that of Wang and coworkers. For plain-fin, round-tube heat exchangers under wet 
conditions, the j and f correlations by Wang et al. (1997) are selected because the ranges of 
important parameters have been covered well, and because the correlations provide good 
predictions (90 % ofj andfdata within 10 %). The nature of the frosting condition makes a true 
steady state measurement impossible. The only article with correlations for frosting conditions 
is by Emery and Siegel (1990). They fitted the ratio of pressure drop under frosting condition to 
that under dry condition as a function of frost mass per unit surface area. The ratio of heat 
transfer coefficient under frosting conditions to that under dry conditions is fitted as a function 
of the difference between the free-stream specific humidity and the saturated specific humidity 
at surface temperature. Since their correlations are based on a single test sample, application is 
limited, and even for a heat exchanger with the same geometry the correlation may not properly 
predict performance because airflow rate is neglected in the correlations. However, these 
correlations still show physical meanings; the dependence of pressure drop on frost 
accumulation and the dependence of total heat transfer coefficient on air humidity . 
• Louvered-fin, round-tube correlations - A relatively large database is available in the 
literature for the louvered-fin, round-tube geometry. Correlations by Wang et al. (1999) and 
Wang et al. (2000) are selected for dry and wet conditions, respectively. These correlations 
span a wide range of parameters and have good agreement with experimental data. 
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• Slit-fin, round-tube correlations - For slit-fin, round-tube heat exchangers under dry 
conditions,} andffactor correlations by Wang et al. (1999) are selected even though only fin 
pitch and the number of tube rows are included as independent geometric parameters. The 
correlations by Kim and Jacobi (2000) are the only ones for slit-fin, round-tube heat exchangers 
under wet conditions in the literature. For the purpose of comparison of dry and wet 
performances, correlations for dry conditions by Kim and Jacobi (2000) are also selected. The 
parameter space of the correlations by Kim and Jacobi is similar to that of Wang et al. (1999), 
but the range is smaller. Correlations for frosting conditions are not available in the open 
literature for slit-, louver-, and wavy-fin exchangers. 
• Wavy-fin, round-tube correlations - For wavy-fin, round-tube heat exchangers, 
correlations by Wang et al. (1997) and Wang et al. (1999) are selected for dry and wet 
conditions, respectively. The wavy fins in these articles are herringbone type and parameters 
describing wave pattern are considered in addition to the conventional parameters. 
3.3.3 Selecting performance correlations for flat-tube heat exchangers 
• Plain-fin, flat-tube correlations - As discussed in Chapter 2, thermal-hydraulic 
performance correlations for this geometry has not been found in the open literature. An 
analysis is presented later for comparing this geometry to competing technologies. 
• Louvered-fin, flat-tube correlations - Studies by Wang and Chang (1997) and Chang 
et al. (2000) are selected for j and f factor correlations, respectively, for dry conditions. The 
database for these correlations is from 91 test samples of serpentine louvered-fin, flat-tube heat 
exchangers and the range of the parameter space is relatively large. Although there have been 
reports for wet conditions in this geometry, correlations for wet and frosting conditions are not 
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found in the literature (they will be published soon by Wang and coworkers per private 
communications, and by Kaiser and Jacobi, and Tang and Jacobi) . 
• Slit-fin, flat-tube correlations - The slit-fin geometry is rarely found in the literature 
as a serpentine-fin, flat-tube heat exchanger. Instead of the serpentine slit-fin, most articles on 
the slit-fin, flat-tube geometry provide performance data and correlations for heat exchangers 
with rectangular offset-strip fins. The j and f factor correlations for dry conditions by Manglik 
and Bergles (1995) are selected since they are most recent among the correlations available in 
the literature. Due to the substantial difference in geometry from other flat-tube heat 
exchangers, parameters only relevant to this geometry are used in the correlations. Wet and 
frosting conditions are not found in the literature for this geometry . 
• Wavy-fin, flat-tube correlations - Performance correlations for this geometry is not 
found in the literature for all surface conditions. This surface is expected to be comparable to a 
plain-fin, flat-tube configuration. 
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Round Tube 
Plain Dry Abu-Madi et i & f - factor correlations Parameters 
al. (1998) Re Dh = 200 - 6000 
j _ Re-O·44 R-3.07 R0.37 R-<J.l4 R;2.l3 4 - 4 5,1 7 Do =9.956mm 
~4 = 0.87 + 0.0000143 Re°.5S N-O.67 R;3.13 ~:~s t5f = 0.12 - O.13mm 
iN Fp = 1.64 - 2.65mm 
f = Re-O.25 R;1.43 R~'i7 ~.65 R;3.05 N = 1- 4 (staggered) 
where, ~ = 19 - 25.4mm 
R - D. (I 51) 2 P,P, D; 251P, ~ =16-22mm 
- -- + - + 
3 - D; Fp 1t D;Fp 2D;Fp 1t D;FpN Limits 
FpP, R3 = 7.26 -19.3 
R4 = (~-DoXFp -t5f ) R4 = 1.77 - 2.25 
.f;:>. 
- ( 51) 
R51 = 11.0 - 21.8 
1tND 1-- R7 = 0.86 - 0.95 
R = • Fp +~(21~- nD; + 251)- Rs RS1 =- Rg = 0.16 - 0.27 S P F I 2P N' . N 
I P I ~ = 1.60 - 2.21 
R _ 4~N. 1 
6 - , R7 = 21t DJFp - t5f J Rs 1+ 
2 4p,t5f 4~~ -1tDo +--
N 
F ~=!l. Rg=;; 
0 Do 
~ 
N 
Plain 
Plain 
Wet 
Frosted 
Wangetal. 
(1997) 
Emery & 
Siegel (1990) 
Round Tube 
j & f - factor correlations 
j4 = o.29773Re~364 &-0.168 
. - 0 4 R -o.468+0.04076N & 0.159 N-1.261 iN -. eDc (Fr-f = 28.209Re~·S6S3 N-O.l026 ~ &-1.3343 
A 
where, & = -1!!L 
A,ube 
Frosted-to-dry ratios 
M'fr = 1.00 + iO.24( M""" ) + 79.5S( M f- )' 
IlP dry A,ol AlaI 
ha,fr = 1.00 -1.118 .103 L\w + 8.14 .105 L\w2 - 2.11.108 L\w3 
ha,dry 
L\w: Difference of specific humidity between free 
stream and fin surface 
j & f -correlations for drv condition 
j = 0.00917(ReDhIl000)-o·313 
f = O.0398(ReD/l000)-o·055 
-
Parameters 
Re Dc = 400 ~ 5000 
Dc =10.23mm 
Of = O.13mm 
Fp = 1.82 ~ 3.20mm 
N = 2 ~ 6 (staggered) 
I ~ = 25.4mm 
Pz = 22mm 
Td . =2TC ry,m 
RH=50~90% 
Uncertainties 
j - 92% data within 10% 
f - 91 % data within 10% 
* Based on single coil 
data 
Parameters 
Do = 19.3mm 
Pz = 44.0mm 
~ = 51.0mm 
L=510mm 
Fp = 6.35mm 
Of = O.51mm 
L-. -~ 
""" 
w 
Louve 
r 
Dry Wangetal. 
(1999) 
Round Tube 
i-factor correlation 
For Re Dc < 1000 , ( n n n rrn j~14.3l17Re;': ~ ~: ;, ~. 
where, 
JI ~ -00991-001055( ~ r ,{ ~:) 
( N°" J J2 = -0.7344 + 2.1059 ( ) 
In ReDc -3.2 
J3 ~ 000848s( ~ r' N-o," 
J 4 = -0. 1741ln(N) 
For ReDc ~ 1000, 
j ~ 1.13 73 Re~( ;, n ~:r ( ~ r {N)''''' 
where, 
J5 ~ -006027 + 000259{ ~JS2 (NtO',{ ~: ) 
( N07 J J6 = -0.4776 + 0.40774 ( ) 
In ReDc -4.4 
Parameters 
Re Dc = 300 ~ 7000 
Fp = 1.21 ~ 2.49mm 
Dc = 6.93 ~ 10.42mm 
~ =17.7~25.4mm 
~ = 12.7 ~ 19.05mm 
Lh = 0.79 ~ 1.4mm 
Lp = 1.7 ~ 3.75mm 
N = 1 ~ 6 (staggered) 
Uncertainties 
j - 95.5% data within 
15% 
f - 90.8% data within 
15% 
.J:;. 
.J:;. 
Louve 
r 
Dry Wangetal. 
(1999) 
Round Tube 
(F)"( r' J7 = -0.58655 ~ ~ N-O.6S 
J8 = 0.0814(ln(ReDc)- 3) 
4~L Dh = 
A,ot 
f - factor correlation 
ForN=l, 
(Fn n n ( )r~ f=0.00317Re~ ~ ~: ~: In t::e 
where, 
F1~0.1691+4.411s(;' f( ~:rH~)X;, J 
F2 ~ -2.6642-14.380{ In(~eDJ 
F3~-o.6816~;' ) 
F4 ~ 6.466fp r In( A.. ) 
P, A",be 
~ 
Vl 
Louve 
r 
Dry Wang etal. 
(1999) 
Round Tube 
For N > 1, 
f ~ 0.06393 Rei: ( ~ n ~:n ~:r N"(In(Re,.)- 4.0 t'" 
where, 
F5 ~ 0.1395 - O.OlOfp r"( ~ n In( ~ ) )e~ r ~ Lp A,ube P, 
F6 ~ -6.4367( (1 ») In ReDc 
F7 =0.07191ln(ReDJ 
(F )''' F8 = -2.0585;' In(ReDJ 
F9~0.1036H~)) 
~ 
0\ 
Louver 
Louver 
Wet Wangetal. 
(2000) 
Frosted 
Round Tube 
j - factor correlation (nr( r'~ j =9.717Re~ ~ ;, In 3-% w'''' 
where, 
(F )'''( r J1 = -0.023634 -1.2475 ~ ~ N-O.18 
J2 = 0.856exp(tan(}) 
louver angle: (} = sin-I(Lh I Lp) 
J3 = O.25In(ReDc ) 
f - factor correlation ( n n f( r f = 2.814 Ref,! ~ 2< ;, + 0.091 % Jr""" 
where, 
(F )'''( r F1 = 1.223 - 2.857 ~ ~ 
F2 = 0.8079In(ReDc ) 
F3 = 0.8932ln(ReDc ) 
F4 = -O.9991{ ~ J 
• 
m 
r = -: condensate flow rate per unit width per tube row 
WN 
J.l f : dynamic viscosity of water 
N/A 
Parameters 
Re Dc = 400 - 3000 
p, = 25.4mm 
PI =19-22mm 
Dc =10.33mm 
Fp = 1.2 - 2.5mm 
(} = 24.4 - 28.2· 
N = 1- 2 (staggered) 
Lh =1.07mm 
Lp = 2 - 2.35mm 
Lp 
-= 0.8-l.94 
Fp 
Uncertainties 
j - 80.5% data within 
10% 
f - 85.3% data within 
10% 
~ 
-.....) 
Slit Dry Wang etal. 
(1999) 
Round Tube 
j - factor correlation 
(S )'''( rr r j = 1.6409Re~c S: ; r; N J 3 
where, 
J 1 =-0.674+ 0.1316N -0.3769 Fp _1.8857N 
In(ReDJ Dc Re Dc 
J 2 = -0.0178+ 0.996N + 26.7N 
In(Re DJ Re Dc 
J 3 = 1.865 + 1244.03 Fp _ 14.37 
Re Dc Dc In(ReDJ S p : Slit pitch 
Sh : Slit height 
f - factor correlation 
Fp P, 
-3.585+0.8846-+2.677- () f = 0.3929 ReDc Dc PI N-0.0091n ReDc 
X (~ r"( ~r"~'::: 
Parameters 
Dc =10.34mm 
Fp = 1.21- 2.48mm 
~ = 25.4mm 
~ = 22mm 
8[ = 0.12mm 
Sp = 2.2mm 
Sh =0.99mm 
N = 1 - 6 (staggered) 
Re Dc = 400 - 7000 
Uncertainties 
j - 83.1% data within 
10% 
f - 92.8% data within 
10% 
""" 
00 
Slit Dry Kim & Jacobi 
(2000) 
Round Tube 
j - factor correlation 
(F r"~( rm . = 0 2476{R to,209 -1!... ~N 1 uncoated' e Dc D D 
c c 
(F f'( f%' . = 0 4313(Re to,J329 -1!... ~N lcoated' Dc D D 
c c 
f - factor correlation 
( F r"" ( r'M f. = 1 024(Re to,5123 -1!... ~N uncoated' Dc D D 
c c 
(F r~( r'" f = 3.826{Re to,5959 -1!... ~N coated Dc D D 
c c 
Parameters 
Fp = 1.3 -1.7mm 
Do =7.264mm 
N = 2 - 3 (staggered) 
~ =21.65mm 
11 = 12.7mm 
8j = O.076mm 
ReDc = 550 - 2000 
Uncertainties 
juncoated - 88% data in 
15% 
jcoated - 87% data in 
15% 
/uncoated - 82% data in 
20% 
hoated- 92% data in 
10% 
..j:>. 
\0 
Slit 
Slit 
Wet Kim & Jacobi 
(2000) 
Frosted 
Round Tube 
j - factor correlation 
(F r( f"" . = 03647(& to.14S7 -1!... ~N ] uncoaled· e Dc 
Dc Dc 
( F )''''' ( f'" jcooled = 0.4559(Re Dc to.2382 ~ ~~ 
f - factor correlation 
(F r"( r~' iuncooled = 1.265(Re Dc to.2991 ~ r 
(F )'''''( )'''~ hooled = 0.502(Re Dc to.2S93 ~ r 
N/A 
Parameters 
Fp = 1.3 -1.7mm 
Do =7.264mm 
N = 2 - 3 (staggered) 
~ =21.65mm 
~ = 12.7mm 
Of =0.076mm 
ReDc = 550 - 2000 
Uncertainties 
j uncooled - 90% data in 
15% 
j cooted - 95% data in 
15% 
f uncooted - 92% data in 
20% 
hoated - 94% data in 
20% 
Contact angles 
'uncoated': 0 A = 
87.5 0 
o = R 
40.40 
'coated': OA= 9.60 
OR=4.3° 
------ --- -
VI 
o 
Wavy Dry Wangetal. 
(1997) 
Round Tube 
j & f - factor correlations 
j= 1.201 [In(Re~ )f"921 
f = 16.67 A,o' N O.098 ( T<% 
[In(ReDc )f·64 A,ube 
where, a = Am 
Aface 
* Herringbone wavy 
fin 
Parameters 
Fp = 1.69 - 3.53mm 
Dc =10.3mm 
~ = 25.4mm 
~ = 19.05mm 
N = 1- 4 (staggered) 
t5f = O.12mm 
ReDc = 350 -7000 
Uncertainties 
j - 94% data within 
10% 
f - 95% data within 
15% 
Round Tube 
Wavy Wet Wangetal. i-factor correlation * Herringbone wavy (1999) fin 
j = 0.472293 Re;fT ( PJ n ~ r N-O"" Parameters ~ X f Fp Of Fp = 1.7 - 3.1mm 
where, of = 0.12mm 
(F 0)''' (r Dc = 8.62 - 1O.38mm Jl = -0.5836 + 0.2371 p;c f N0 34 ~ ~ = 25.4mm 
~ =19- 22mm ( n r J2 = 1.1873~ 3.0219 Fp ~<Of . ~ [In(Re,,JJ'' Pd = 1.18 -1.58mm N = 1 - 6 (staggered) 
VI 
...... 
J3 = 0.006672( ~ )NL" Re Dc = 300 - 3500 
Uncertainties (F 0 r ( ) j - 93.8% data within J4 = -0.1157 p - f In ~ De ReDe 15% 
f - 84.1 % data within 
Pd : wave height 15% 
X f : half projected wave length 
VI 
IV 
Wavy 
Wavy 
Wet Wangetal. 
(1999) 
Frosted 
Round Tube 
f - factor correlation ()" ( nnr-!=0.14900IRe:;! ~ N"ln 3.1- ~f ~ ~ 
where, 
FI = -0 067 + ( Pd X 1.35 ) - 0 1 s( N ) I 
. Fp -Of In(ReDc) . In(ReDc ) 
(F -0) + 0.0153 p Dc f 
0.127N 
F2=2.981-0.082In(ReDc )+ () 4.605 -In Re Dc 
F3 = 0.53 - 0.0491ln(ReDc ) 
F4=11.9{ (N S' In ReDc 
F5 = -1.32 + 0.287In(ReDc ) 
• 
r = ~ : condensate flow rate per unit width per tube row 
WN 
J.l f : dynamic viscosity of water 
N/A 
VI 
W 
Fin type 
Plain 
Plain 
Plain 
Louver 
Surface Author (year) 
condition 
Dry 
Wet 
Frosted 
Dry Wang & 
Chang (1997) 
Flat Tube 
Correlations 
N/A 
N/A 
N/A 
i-factor correlation 
j = Re-o.49 ~ 2. F; Td ( f(F f"( fN( r 
Lp 90 Lp Lp Lp 
x(~:r(l.r~(i.r~ 
where, 
F; : fin length, Lp: louver pitch, L,: louver length 
Td : tube depth, Tp: tube pitch, () : louver angle 
Range of parameters I 
Comments 
* Based on 91-coil data 
from other reports 
Parameters 
ReLp = 100 - 3000 
Lp = 0.5 -3mm 
L, = 0.94 -18.5mm 
() = 8.43 - 35· 
Fp = 0.51- 3.33mm 
Td = 15.6 - 50mm 
F; =6-20mm 
of = 0.04 - 0.16mm 
Tp = 7.51- 25mm 
Dh = 0.824 - 4.94mm 
Uncertainty 
j - 89.3% corrugated 
louver data within 15% 
VI 
.j::>. 
Louver 
Louver 
Louver 
Dry Chang etal. 
(2000) 
Wet 
Frosted 
--- ----
Flat Tube 
f - factor correlation * Same databank and 
parameters as Wang 
/=/1 * /2* /3 & Chang (1997) 
where, if Re Lp < 150, 
Uncertainty fl~14.39Re~0~';'l( +.0+( ~:))r f - 83.14% data within 15% 
/2~H (~r +0.9Jr~' (~J"(m(O.5Re,.)r'" 
(F f3m( r'"( T, J F -0.1167-/3 = -1!.... -I!.... e Dm () 0.35 
L/ L/ 
if 150 < ReLp < 5000, 
o 6049-1.064 li' (( " Jrm fl ~ 4.97Rel ,0» m (:.) +0.9 
/2 ~ ( ( ~; }n(0.3 Re "f'" ( 1 r'·"l:'l 
/3~(;' r- +.2+(~ rr'" 0-0.'" 
1h = Tp - Dm; Dm: major tube diameter 
N/A 
N/A 
._-_ .. -_ .. ------ ------ ----- ---- -
VI 
VI 
Slit 
Slit 
Slit 
Wavy 
Wavy 
Wavy 
Dry Manglik& 
Bergles( 1995) 
Wet 
Frosted 
Dry 
Wet 
Frosted 
Flat Tube 
j & f - factor correlation * Rectangular offset 
strip fin 
j = 0.6522 Reri!;S403 a-O.15418O.1499r-O.0678 
x (1 + 5.269·1 0-5 Re~40 a 0.504 8 0.456r -1.055 r Parameters ReDh = 300 - 5000 
f = 9.6243 Reri!;7422 a -0.18568 0.3053r -0.2659 Dh = 1.209 - 3.414mm 
x (1 + 7.669 .10-8 Re ~29 a 0.92°83.767 r 0.236 r 1 a= 0.134 - 0.997 
s t t 8= 0.012 - 0.048 
a=- 8=- r=-
r= 0.041- 0.121 h' z' s 
where, 
s: lateral fin spacing 
t: fm thickness 
I: fin length 
N/A 
N/A 
N/A 
N/A 
N/A 
Chapter 4 - Analysis and Comparison of Round-Tube 
and Flat-Tube Performance 
4.1 Wet and frosted surface multipliers 
From the correlations forj and/factors selected in chapter 3, wet surface multipliers are 
developed. A wet surface multiplier for the j factor, rPj , is defined as the ratio of the j factor 
under wet conditions to that under dry conditions, and a similar definition is used with/factors, 
rP f' These multipliers can be used to predict the wet performance of heat exchangers if the dry 
performance is known. Wet surface multipliers are functions of geometrical and operational 
parameters. Since the selected correlations have different ranges of parameters, wet surface 
multipliers can be used only in the range of parameters applicable to both correlations for dry 
and wet conditions. EES (Engineering Equation Solver) codes are developed for the evaluation 
of wet surface multipliers and attached in Appendix C. The applicable ranges of parameters can 
be found in the table of performance correlations of Chapter 3. Wet surface multipliers for 
typical round-tube and flat-tube heat exchangers are plotted in Figure 4.1 and 4.2 respectively. 
For round-tube heat exchangers,/andj factor correlations are available for all fin types under 
both dry and wet conditions from the literature. However, for flat-tube geometry, f and j factor 
correlations are found for only louver and rectangular offset-strip fin types under dry 
conditions. Wet surface multipliers for louvered- and slit-fin types are obtained from the dry 
and wet performance data obtained by Tang and Jacobi (2001). Performance data for plain- and 
wavy-fin, flat-tube heat exchangers are not available in the open literature. For the purpose of 
comparison to other geometries, the hypothetical plain-fin, flat-tube heat exchanger 
performance is evaluated using analytical methods. As shown in Appendix D, the airflow for a 
dry condition is modeled as developing flow in a rectangular channel with simultaneous heat 
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and mass transfer. Kays and London (1980) and Shah (1978) provided characteristics of 
developing channel flow as correlations and tables of parameters based on empirical data, and 
they are applied here for ReDh<23 00. The wet performance of plain-fin, flat-tube heat 
exchangers was predicted by applying the wet-condition} and I correlations by McQuiston 
(1976), approximating rectangular duct as parallel plates. Wavy-fin, flat-tube geometry is not 
analyzed here because of the lack of data on its flow characteristics, and a further extrapolation 
of this approach is difficult to justify. 
Figure 4.1 shows wet surface I and} factor multipliers for typical round-tube heat 
exchangers. Plain and wavy-fin type heat exchangers are characterized by a significant increase 
of friction factor under wet conditions, caused by an increased surface roughness effect. Heat 
transfer also slightly increases under wet conditions for plain-fin type exchangers but slightly 
decreases for wavy fins. For louvered-fin type heat exchangers the} factor is similar for dry and 
wet conditions and but friction is lower for wet conditions. Except for plain- and slit-fin types, 
wet surface multipliers tend to converge to 1 as Reynolds number reaches a high range, 
probably because high air shear forces remove retained condensate inside the heat exchangers. 
Slit-fin heat exchangers have a higher friction and a lower heat transfer under wet conditions. 
Since slit-fin correlations by Kim and Jacobi (2000) have the applicable Reynolds number from 
550 to 2000, it is not clear whether the trend of multipliers diverging from 1 will continue in 
higher Reynolds number range. 
Figure 4.2 shows wet surface multipliers for typical flat-tube geometry. Plain-fin wet 
surface multipliers show similar trends for/and} factors that both friction and heat transfer are 
slightly higher under wet conditions. Wet surface mUltipliers for louvered- and slit-fin type heat 
exchangers are from the experimental data obtained by Tang and Jacobi (2001). While 
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exchangers. For a general comparison, the London area goodness factor defined as jIJ is used. 
The f and j factor correlations and parameters available in the literature can be used in other 
PEC, such as the volume goodness factor, or comparison with a reference surface; however, 
such an approach requires more detailed information on the application of interest and loses 
generality. Thus, a simplified but generalized comparison is made in this study. 
Figures 4.3 to 4.6 show the friction and Colburn j factors and London area goodness 
factors for typical round-tube heat exchangers, and Figures 4.7 to 4.9 show the same results for 
flat-tube exchangers. Under dry conditions, flat-tube heat exchangers with plain, slit and 
louvered fins have higher jIJ than round tubes, and the enhancement by flat-tube geometry is 
greater at low Reynolds numbers; slit fins have a significantly highjIJfor flat tubes but only at 
low Reynolds numbers. Flat-tube exchangers with louvered fins consistently have a higher jIJ 
than round tubes under dry conditions, while the enhancement is greater at low Reynolds 
numbers. 
Under wet conditions, plain fins have a higher jIJ for flat tubes than round tubes, and 
louvered fins have a significantly lowerjIJfor flat tubes than round tubes. The slit-fin geometry 
shows a slightly lower jIJ for flat tubes than round tubes at very low Reynolds numbers, but the 
difference diminishes as Reynolds number increases. In contrast to the significant disadvantage 
of flat-tube geometry with louvered fins under wet conditions compared to round-tube, the flat-
tube heat exchangers with slit fins have relatively similar jIJ to that of round-tube exchangers 
under wet conditions. These results strongly suggest that the slit-fin geometry may be better 
when a flat-tube heat exchanger is designed for wet conditions, and that further work on 
condensate drainage from flat-tube heat exchangers is required. 
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Figures 4.3 and 4.7 show that the plain-fin, flat-tube heat exchangers have a slightly 
higher jlf than do the round-tube exchangers under dry conditions. However, it must be noted 
that the plain-fin geometry has a much lower heat transfer coefficient than the enhanced fins, 
and thus implementation of this geometry would require a much larger heat exchanger, vitiating 
the compact-design advantages of the flat-tube heat exchanger. Furthermore, although the wet 
surface jlf for plain-fin, flat-tube heat exchanger is higher than that of round-tube in Figure 
4.3(d) and 4.7(d), condensate drainage may become a problem for plain-fin, flat-tube geometry. 
From the observations of round- and flat-tube geometry, it can be concluded that flat-
tube heat exchangers with interrupted fins have advantages over round-tube exchangers at low 
Reynolds number range under dry conditions. This advantage disappears under wet conditions 
and it can be concluded that flat tubes have more degradation under wet conditions than round 
tubes do, especially in heat transfer coefficient. This finding probably indicates that compact 
heat exchanger design has inadequately addressed condensate management, and improvements 
are possible. 
4.2.2 Recommended geometrical and operating conditions for testing 
The ranges of geometrical and operational parameters to be investigated experimentally 
in further study are summarized in Table 4.1. Fin pitch is often found to have optimal dry 
performance between 1.2 and 2.0, but a larger spacing is better under wet conditions due to 
condensate drainage problem. Often the flow depth is larger than 40 mm in the literature, but it 
is suggested to focus on designs with a shorter flow depth, because retained condensate can be 
more easily removed. As condensation drainage is affected by surface contact angle and heat 
exchanger inclination angle, it is recommended to test these effects for most promising designs. 
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Since the louver angle and the ratio of fin pitch to louver pitch are important parameters in 
louvered-fin heat exchangers, it is suggested to add louver angle in the test matrix. 
Furthermore, because the uninterrupted-fin geometry is predicted to have a low heat transfer 
coefficient and require large surface area and volume, it may be appropriate to cut down the 
number of tests in uninterrupted-fin geometry as the experimental investigation progresses and 
validates the approach that predicted disadvantages in this study. 
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Table 4.1 Recommended parameter ranges of geometrical and operating condition 
Geometrical Parameters Test Range 
Tube spacing (mm) Choose 1 in 10 - 15 (Reference test with 20) 
Flow depth (mm) Choose 1 in 20 - 40 (For uninterrupted fin 15) 
Fin pitch (mm) Choose 2 in 1.2 - 3.0 (Reference test with 5.0) 
Louver angle 25° and 30° 
Fin type Plain, slit, louvered and wavy (Limited test for uninterrupted type) 
Inclination angle Vertical, forward 45°, backward 45° and Horizontal 
Surface coating Hydrophilic surface coating: with and without 
Operating Parameters Test Range 
Air velocity (mls) 0.5, 1.0, 1.5, 2.0 and 2.5 
• Dry: 21, 35, 15 
Inlet coolant temperature, 
• Wet I: 7,27, 19 (low RH) 
air dry-bulb temperature, 
wet-bulb temperature (0C) • Wet II: 0, 8, 6 (high RH) 
• Frosted I: -7,2,0.5 (medium refrigeration) 
• Frosted II: -28, -18, -20 (low refrigeration) 
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Chapter 5 - Conclusions 
This study has been conducted in order to prepare for further investigations of flat-tube 
heat exchangers in the experimental work of following research phase. A thorough, critical 
review of the technical literature has established the state-of-the-art as it relates to the air-side 
thermal-hydraulic performance of round- and flat-tube heat exchangers with plain-, slit-, 
louvered- and wavy-fins under dry-, wet-, and frosted-surface conditions. The heat transfer and 
pressure-drop performance characteristics of round-tube heat exchangers are well developed in 
the literature; however, clear gaps in the reported parameter space for flat-tube heat exchangers 
have been identified. Thus, a compelling need for research on the wet- and frosted-surface 
performance of flat-tube heat exchangers has been established. In a subsequent study, these 
experiments will be undertaken over the ranges established in Chapter 4 (see Table 4.1), with 
sufficient baseline data to confirm the validity of the data obtained. 
After a careful assessment, the most reliable f and j factor correlations were selected 
from the literature. With these correlations and auxiliary methods based on empirical data, the 
performance characteristics of round- and flat-tube heat exchangers were contrasted. The 
interrupted-fin, flat-tube heat exchanger offers significant advantages over the round-tube 
geometry at low Reynolds numbers. However, under wet conditions the flat-tube geometry 
exhibits a higher wet-surface penalty than does the round tube geometry-the flat-tube heat 
exchanger appears more susceptible to retained condensate. Thus, further research on 
condensate drainage from flat-tube heat exchanger is needed. 
Virtually no data on the frosted-surface performance of flat-tube heat exchangers have 
appeared in the open literature. This absence of experimental results shows a clear obstacle to 
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application of the flat-tube geometry in refrigeration and heat pump applications, and it is 
necessary to obtain new data for these conditions to fill this gap in our knowledge. 
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Appendix B - Annotated Bibliography 
Kim, G. J and Jacobi, A. M, 2000, "Condensate Accumulation effects on the Air-
1 Side Thermal Performance of Slit-Fin Surfaces," CR-26, ACRC, University of 
Illinois at Urbana-Cham~aigtl~ IL. 
Category Experiments on slit-fin-tube heat exchangers under wet condition 
Key Round tube/ slit & plain fin! dry & wet! with & without hydrophilic coating 
• The effects of condensation and various geometrical parameters on thermal-
hydraulic performance data are measured and compared - fin type: slit-fin-tube & 
plain-fin-tube; fin pitch: 1.3, 1.5, 1.7 mm; tube rows: 2, 3; hydrophilic coating: 
Summary with & without; face velocity: .75-2.5m1s 
• Real-time and steady state condensation data are measured. 
• Correlations to predict heat exchanger performance are developed. 
• Simple condensate retention model is developed to predict steady state 
condensate mass. 
• Details of data reduction techniques are presented. 
Features • Experimental uncertainties are considered. 
• Correlations provided. 
2 
Korte, C. M. and Jacobi, A. M., 1997, "Condensate Retention and Shedding 
Effects of Air-Side Heat Exchanger Performance," MS thesis, University of 
Illinois at Urbana-Champaign, IL. 
Category Experiments on plate-fin-tube heat exchangers under wet condition 
Key Round tube/ plain fin! dry & wet condition 
• Effects of condensation and other parameters on the thermal-hydraulic 
performance are measured - fin type: plate-fin-tube; fin pitch: 4, 8, 10, 12 fpi; 
Summary anti-corrosion coating: with & without 
• Real-time and steady state condensation data are measured. 
• Simplified condensate retention modeling technique is ~resented. 
Features • Detailed data reduction techniques & fin efficiency calculation techniques 
• Condensate retention modeling technique is quite reasonable. 
3 Gnielinski, V., 1976, "New Equations for Heat and Mass Transfer in Turbulent 
Pipe and Channel Flow," Int. Chern. Eng., Vol. 16, pp. 359-368. 
Category Heat and mass transfer coefficients of turbulent flow in channel or pipe 
Key Tube side heat transfer correlation 
• Equations for average heat and mass transfer coefficients of turbulent flow in 
Summary channel or pipe are derived from numerous experimental values. 
• A correction factor is used to take the dependency of fluid properties on 
temperature into account. 
Features • Useful relations for coolant side data calculation 
92 
Fu, W. L., Wang, C. C., Chang, W. R., and Chang, C. T., 1995, "Effect of Anti-
4 Corrosion Coating on the Thermal Characteristics of Louvered Finned Tube Heat 
Exchangers under Dehumidifying Conditions", Advances in Enhanced HeatlMass 
Transfer and Energy Efficiency, HTD-Vol. 3201PID-Vol. 1, ASME,]>p. 75-8l. 
Category Experiments on louver-fin-tube heat exchangers under dehumidifying condition 
Key Round tube/ louver fin! dry & wet condition 
• Effects of anti-corrosion coating and fin pitch on the thermal-hydraulic 
performance oflouver-fin-tube heat exchangers are presented -louver angle: 32 
deg; fin pitch: 10, 15, 20 fpi; reI. humidity: 50, 75, 90%; face velocity: .3-4.5 m/s 
• f, j decrease as Re increases. 
• A significant increase offis observed under wet condition (100%). 
Summary • Sensible j factor decreases with increase of relative humidity. 
• Anti-corrosion coating had little effect on j & f. 
• j is independent of fin pitch except at very low Re. 
• At wet condition - total j decrease w/fin pitch; sensible j is independent of fin 
pitch(Re<2000); f increases w/fin pitch but this effect diminishes when Re> 3000. 
• Relative humidity has influence on total j but not on sensible j. 
Features 
5 
Chuah, Y. K., Hung, C., C. and Tseng, P. C., 1998, "Experiments on the 
Dehumidification Performance of a Finned Tube Heat Exchanger," HV AC&R 
Research, Vol. 4(2), pp. 167-178. 
Category Experiments on fan coil heat exchanger under wet condition. 
Key Round tube/ plain fin! wet condition 
• Heat and mass transfer performance data of fan coil heat exchangers for various 
air velocities and water flow rates are measured - smooth continuous Al fin(plate 
fin) with circular Cu tubes; tube rows: 3(xlO) staggered; fin pitch: 394 fins/m; air 
temperature: 25.4C; 
Summary water temperature: 7C; absolute humidity: 0.0124 (kg water/ kg dry air) 
• Both the increase of air velocity and water flow rate result in increase of heat 
transfer. 
• Higher air flow increases dehumidification rate but too high air flow decreases 
dehumidification rate(air bypasses). 
Features 
93 
6 
Wang, C. C., Hsieh, Y. C. and Lin, Y. T., 1997, "Performance of Plate Finned 
Tube Heat Exchangers Under Dehumidifying Conditions," J. Heat Transfer, Vol. 
119,pp.109-117. 
CategoI)' Experiments on plate-fin-tube heat exchangers under wet condition. 
Key Round tube/ plain fin! dry & wet condition 
• Effects of fin spacing, number of tube rows, and inlet conditions on the thermal-
hydraulic performance are measured - dry-bulb: 27+-0.5C; relative humidity: 50, 
90%; inlet velocity: 0.3~4.5m1s; water temp: 7+-0.5C; fin pitch: 1.82, 2.24, 3.20 
mm; tube rows: 2, 4, 6 
• Sensible j factor is independent of inlet air conditions under dehumidifying 
Summary condition. 
• f factor is very sensitive to surface conditions, and when fully wet, is insensitive 
to inlet air condition, fin pitch and number of tube rows. 
• j factor is degraded at low Re but enhanced at high Re. 
• Correlations are developed - predicted 92% j data within 10%, 91 % f data 
within 10%. 
Features 
7 
Seshimo, Y., Ogawa, K., Marumoto, K. and Fujii, M., 1989, "Heat and Mass 
Transfer Performance on Plate Fin and Tube Heat Exchangers with 
Dehumidification," Heat Transfer-Japanese Research, Vol. 18(5), pp. 79-84. 
Catego~ Experiments on a plate-fin-tube heat exchanger under wet condition. 
Key Round tube/ plain fin! dry & wet condition 
• Thermal-hydraulic performance of a single-row plate-fin-tube heat exchanger 
under a relatively low driving potential is measured - tube diameter(out): 9.5mm; 
fin pitch: 2.0; fin thickness: 0.12mm 
Summary • Air-side pressure drop increased by 30~40% under dehumidifying condition. 
• Condensate film thickness has an effect of changing the thickness of fin. 
• Heat transfer increased 20% under wet condition than dry condition - attributed 
only to the condensate film changing the fin geometry. 
• Heat and mass transfer analogy did not hold. 
Features 
8 McQuiston, F. C., 1976, "Heat, Mass, and Momentum Transfer in a Parallel Plate 
Dehumidifying Exchanger," ASHRAE Trans., Vol. 82(2), pp. 87-107. 
Category Experiments on a parallel plate heat exchanger under wet condition. 
Key Parallel plate/ wet condition 
• Clean surfaces of AI, Cu-Ni, Cu promote dropwise condensation. 
• Free stream turbulence intensity has little influence on heat and mass transfer. 
Summary 
• Aluminum surface sustains larger drops that copper surface. 
• At low Re, low mass transfer rate occurs and it requires longer period to reach 
steady state condensation. 
• With Re of 2500, f factor is 25% higher under wet condition than dry condition. 
Features 
94 
9 
Wang, C. C. and Chang, C. T., 1998, "Heat and Mass Transfer for Plate Fin-and-
Tube Heat Exchangers, with and without Hydrophilic Coating," Int. J. Heat Mass 
Transfer, Vol. 41, pp. 3109-3120. 
Category Experiments on plate-fin-tube, louver-fin-tube heat exchangers under wet 
condition. 
Key Round tube/ louver & plain fin! dry & wet condition 
• Effects of hydrophilic coating on thermal-hydraulic performance are measured 
and compared - heat exchanger type: louver-fin-tube, plate-fin-tube; dry bulb: 27 
+-0.5C; relative humidity: 50, 85%; inlet air velocity: 0.3-8 mls(dry), 0.34 
mls(wet); inlet water: 60+-0.1C(dry), 7+-0.5C(wet); fin pitch: 1.4, 1.71, 1.22 mm; 
tube diameter(out): 7, 9.52 mm 
• Heat and mass transfer enhancement ratios by hydrophilic coating decrease with 
Summary decreasing fin pitch. 
• Hydrophilic coating has negligible effect on thermal hydraulic performance 
under dry condition. 
• Hydrophilic coating has negligible effect on sensible heat transfer under fully 
wet condition, but reduced air-side pressure drop 15-40%. 
• Air-side pressure drop is sensitive to inlet air condition for heat exchanger with 
coating but insensitive without coating. 
Features 
10 
Guillory, J. L. and McQuiston, F. C., 1973, "An Experimental Investigation of Air 
Dehumidification in a Parallel Plate Exchanger," ASHRAE Trans., Vol. 79, pp. 
146-151. 
Category Continuous parallel finned evaporator WITHOUT TUBES - under wet conditions 
Key Parallel plate/ wet condition 
• Analytic prediction of energy transfer by using enthalpy as driving potential 
instead ofT 
• Total j factor by experiment was higher than analytic prediction both for dry and 
Summary wet. 
• Reason for dry: flow regime was not laminar; for wet: wall roughness by 
condensate 
• Re Dh= 1000-6000 
Features 
95 
11 
Tree, D. R. and Helmer, W. A., 1976, "Experimental Heat and Mass Transfer Data 
for Condensing Flow in a parallel Plate Heat Exchanger," ASHRAE Transactions, 
Vol. 82, pp. 289-299. 
Category Parallel plate heat exchanger under wet condition 
Key Parallel plate/ wet codition 
• Measurement of local and avg. f, HTR coef, MTR coef under dehumidifying 
condition. 
Summary • Re_Dh=1500~18000; X/(Dh)=2.25~27.1; RH=60~100%; Pr=0.71; Sc=0.61; T db=19~31 °c 
• Re<4000 laminar; Re=4000~6000 transition; Re>6000 turbulent 
• Significant increase of f and j when Re>4000 
Features Unique experimental setup using local measurement probe - however data 
scattered 
12 McQuiston, F. C., 1975, "Fin Efficiency with Combined Heat and Mass Transfer," 
ASHRAE Transactions, Vol. 81, pp. 350-355. 
Category Combined H&MTR analysis of a fin with uniform cross section fin efficiency 
Key Fin efficiency calculation 
• Analogy to dry fin efficiency calculation - assuming linear variation of Absolute 
Summary Humidity with wall temperature. 
• Fin efficiency under wet condition decreases by 7~8% 
Features 
13 McLaughlin, W. J. and Webb, R. L., 2000, "Wet Air Side Performance of Louver 
Fin Automotive Evaporators," SAE Technical Paper Series, No. 2000-01-0574. 
Category Wet surface HTR and friction characteristics of flat tube, louver fin heat 
exchangers 
Key Flat tube/ louver fin! dry & wet condition 
• 5 evaporators: core height=203 mm, width=227 mm, fin pitch=I.6, 2.4 mm, 
fin base pitch=2.0, fin tip pitch=1.2, 2.9 mm, tube pitch=9.7, 11 mm, tube 
rows=l, 
louver angle = 30°, louver pitch = 1.1, 1.3 mm 
• 50 mm depth tube: extruded tube with smooth surface 
Summary • 60 mm depth tube: formed tube with drainage channels at surface 
• Wet surface fin efficiency calculation by Threlkeld (1970) 
• Dry performance was insensitive to geometry & coating 
• Louver bridges was easily formed on fins with smaller louver pitch (critical 
param). 
• Louver bridges decreased both heat transfer coefficient and pressure drop. 
• H-phil Coating made no difference on pressure drop but increased heat transfer. 
Features One of the most relevant papers! 
96 
14 
Gray, D. L. and Webb, R. L., 1986, "Heat Transfer and Friction Correlations for 
Plate Finned-Tube Heat Exchangers Having Plain Fins," Proceeding 8th 
International Journal of Heat Transfer Conference, Vol. 6, pp. 2745-2750. 
Category Dry surface HTR and friction Correlations for Plate fin, round tube heat 
exchangers 
Key Round tube/ plain fin! dry condition 
• Continuous flat fins on staggered circular tubes 
Summary • Parameters - Re, geometry 
• Range: Re=500(2400)~24700 
• j and f correlations have 7.3% and 7.8% rms error respectively 
Features Details in paper 
Korte, C. and Jacobi, A. M., 1999, "Condensate Retention and Shedding Effects 
15 on the Air-Side Performance of Plain-Fin-and-Tube Heat Exchangers: Retention 
Data and Modeling," V12/99 JHT, ACRC, University of Illinois at Urbana-
Champaign, IL. 
Category Condensate effect on the performance of round tube and plain fin heat exchanger & Retention modeling 
Key Round tube/ plain fin! dry & wet condition 
• Vertical flow in the test section enabling real-time retention measurement 
• Fin pitch=6.35, 3.18mm; Tube diameter=7.94mm; Tube rows=14 
• Face velocity=l~lOmls; Coolant inlet T=-I~12°; Air inlet T=30~34°; Inlet dew 
point=24°C 
Summary • Retention modeling by combining droplet size distribution function (Graham, 
1969) and force balance: gravitation, shear drag by air flow, surface tension 
• Wet condition 
- fp=6.35 increased j and same f 
- fp=3.18 same j and increased f 
Features 
97 
16 
Kondepudi, S. N. and O'Neal, D. L., 1991, "Frosting Performance of Tube Fin 
Heat Exchangers with Wavy and Corrugated Fins," Experimental Thermal and 
Fluid Science, Vol. 4(5), pp. 613-618. 
Category Frost accumulation, HTR and friction effects of round tube heat exchangers 
Key Round tube/ wavy fin! frosted condition 
• Effect of frost - flow blockage, thermal resistance 
• Refrigerant - liq. Phase, typically lower than -10°C for frosting, less than 1°C 
change between inlet and outlet 
• Inlet air: RH=85±2%, T=O±O.5°C, V=0.66±0.03m/s 
• Fin geometry: Aluminum (b=O.l4mm); corrugated & wavy fin; 395, 710 fins per 
meter (fp=2.53, 1.41 mm) 
Summary • Coil layout: single row HX with uniform coolant flow; 
H*L *W=0.457m*0.457*0.022; copper tube(D=9.5mm; t=0.406) 
• Higher humidity, smaller fin pitch larger driving potential more frost 
accumulation 
• Frost accumulation increased pressure drop but energy transfer coefficient was 
constant 
- because the air mass flow rate was maintained constant 
Features 
Kondepudi, S. N. and O'Neal, D. L., 1990, "Effects of Different Fin 
17 Configurations on the Performance of Finned-Tube Heat Exchangers under 
Frosting Conditions," ASHRAE Transactions, Atlanta, GA, USA, Pt. 2, pp. 439-
444. 
Category Thermal-hydraulic performance of round-tube plate fin heat exchangers under frosting conditions 
Key Round tube/ louver & wavy & plain fin! frosted condition 
• Fin configuration - flat, wavy and louvered, aluminum (b=0.0055 in) 
• Test coil: single row, uniform coolant flow, H*L*W=18in*18*0.866 
• Copper tube: D=0.375 
Summary • Frost accumulation and pressure drop had similar tendency - more frost more 
dP 
• Sensible HTR coefficient: louvered> wavy> flat 
- not significantly degraded ~ because of constant air flow rate 
Features This paper is in the sequence of several papers by the authors (Kondepudi & O'Neal 1989a, b, c, d) 
98 
Horuz, I., Kurem, E. and Yamankaradeniz, R., 1998, "Experimental and 
18 Theoretical Performance Analysis of Air-cooled Plate-Finned-Tube Evaporators," 
Int. Comm. Heat Mass Transfer, Vol. 25(6), pp. 787-798. 
Category Cooling capacity calculations of round-tube and plate-fin heat exchangers 
Key Round tube/ plain fin! dry condition 
Summary • 2 theoretical calculations using other correlations both poor prediction 
• The influences of geometrical and operational parameters are described 
Features 
Kondepudi, S. N. and O'Neal, D. L., 1989, "Effect of Frost Growth on the 
19 Performance of Louvered Finned Tube Heat Exchangers," Int. J. Refrigeration, 
Vol. 12(3), pp. 151-158. 
Category Experimental investigation of the effect of frost growth on the performance of 
round-tube and louvered-fin heat exchanger 
Key Round tube/ louver fin! frosting condition 
• Same coil dimensions with report by authors (1990); fin pitch: 14, 18, 20fpi; 
Summary RH=65, 80%; air velocity=130-200 fpm 
• Higher RH, fin density, air face velocity higher MTR potential & larger 
surface area more frost accumulation 
Features 
20 
Kaiser, J. M. and Jacobi, A. M., 2000, "Condensate Retention Effects on the Air-
Side Heat Transfer Performance of Automotive Evaporator Coils," ACRC TR-32, 
University of Illinois at Urbana-Champaign, IL. 
Category Experiments on the condensate retention effects on the performance of flat tube, 
automotive air conditioning coils 
Key Flat tube/ louver & slit fin! dry & wet condition 
• Test coil geometry - fin type: 5 louver, 2 offset strip; louver 
pitch=1.0D-5.08mm; louver angle=30, 36, 42°; louver width=6.35, 8.51; fin 
width=8.00-9.73; fin thickness=0.09-0.13; fin pitch=1.69-2.12; offset 
Summary height=0.64, 0.85; contact angle 
• Sensible HTR coefficient decreased for all coils under condensing condition 
• Smaller louver pitch & larger louver angle condensate bridges become more 
stable more decrease of HTR 
• Overshoot occurs only for face velocity=1.4-1.5m1s 
Features 
99 
Kim, M. H., Youn, B. and Bullard, C. W., 2000, "Effect of Inclination on the Air-
21 side Performance of a Brazed Aluminum Heat Exchanger Under Dry and Wet 
Conditions," Submitted to J. Heat Transfer, Dept. of Mechanical Engineering, 
University of Illinois at Urbana-Champaign, IL. 
Category The effect of inclination angle on the performance of flat tube, multi-louvered fin heat exchanger under dry and wet condition 
Key Flat tube/ louver fin! dry & wet condition 
• louver angle=27°; fin pitch=1.4mm; flow depth=20mm; Re=100~300 
• inclination angle=O°, ±30°, ±45°, ±60° 
• HTR was not affected significantly by inclination angle(-60~600) but at high Re, 
Summary both sensible HTR and pressure drop were affected by inclination. - backward inclination helps drainage with the gravitational force and flow shear force 
oriented to the same direction 
• friction factor correlation was developed - modified for non-zero inclination 
angle 
Features 
22 Osada, H., Aoki, H., Ohara, T. and Kuroyanagi, I., 1999, "Experimental Analysis 
for Enhancing Automotive Evaporator Fin Performances," Banff, Canada. 
Category Experiment for the enhancement of condensate drainage in a model coil: multi-louvered, single-row fin brazed on flat plate 
Key Flat plate wall/ louver fin! dry & wet condition 
• Fin pitch=3.0, 3.5, 4.Omm; louver pitch= 1.2, 1.6, 2.0; inclination angle=25±2°, 
35±2°; flow depth=58, 70mm 
• Air velocity=1.3 ~ 4.3 mls; air condition - 27°C (50% RH), 30°C (60% RH) 
Summary • Wall plate cooled by a Peltier device - similar result to actual evaporator 
• Drainage visualization - one sided cooling with the other side viewed through 
glass 
• Effects of fin geometry and orientation were evaluated 
Features 
23 
Chiou, C. B., Wang, C. C., Chang, Y. J. and Lu, D. C., 1994, "Experimental Study 
of Heat Transfer and Flow Friction Characteristics of Automotive Evaporators," 
ASHRAE Transactions, Vol. 100(2), pp. 575-581. 
Category Experiment on the performance of two brazed aluminum serpentine evaporators -louvered fins on flat tubes under dry and wet conditions 
Key Flat serpentine tube/ louver fin! dry & wet condition 
• Geometry - W*H*D=315mm*230*85(1 00); fin width=20; fin thickness=O.l5, 
fin pitch=1.912(2.l59); louver pitch=2.5; Dh=3.606(4.139) 
• Wet condition - dry bulb=25~35°C; wet bulb=19~28°C; coolant inlet T=6°C; 
Summary dew point= 15~ 26°C; frontal velocity=0.5~ 2.3m1s; Re _ Dh= 170~ 1000 
• Dry condition - dry bulb=30°C; wet bulb=20°C; coolant inlet T=20°C; dew 
point=14.7°C; frontal velocity=0.5~2.3; Re_Dh=170~1000 
• Both HTR and Pressure drop wasgreater under wet condition than under dry 
Features 
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27 
Achaichia, A. and Cowell, T. A., 1988, "Heat Transfer and Pressure Drop 
Characteristics of Flat Tube and Louvered Plate Fin Surfaces," Experimental 
Thermal and Fluid Science, Vol. 1(2), pp. 147-157. 
Category Experiments on the performance of plate louvered-fin, flat-tube heat exchangers 
Key Louvered-fin!flat-tube/dry condition 
• 15 test samples with N=1~2 
• Stanton number is flattened at low Re 
Summary 
- Davenport (1980) - duct flow at low Re and louver directed flow at 
high Re 
• Correlations for St and ffor ReLD=150~3000 
Features Multiple tube rows - plate fin (non-serpentine fin) 
28 
Wang, C. C., Fu, W. L. and Chang, C. T., 1997, "Heat Transfer and Friction 
Characteristics of Typical Wavy Fin-and-tube Heat Exchangers," Experimental 
Thermal and Fluid Science, Vol. 14(2), pp. 174-186. 
Category Experiment on the effects ofN, Fp and tube layout on wavy-fin, round-tube heat 
exchangers 
Key Round tube/ wavy fin! dry condition 
• 18 test samples with wavy-fin and round-tube 
Summary • N effect - Friction is independent; As N increases, j decreases at low Re but increases at high Re and is dependent on tube layer(inline and staggered) 
• Fin pitch has little effect on j factor 
Features Correlations for f and j factors 
29 
Wang, C. c., Du, Y. J., Chang, Y. J. and Tao, W. H., 1999, "Airside Performance 
of Herringbone Fin-and-Tube Heat Exchangers in Wet Conditions," Canadian J. 
Chemical Engineering, Vol. 77(6), pp. 1225-1230. 
Category Effects of fin pitch and tube rows on herringbone wavy-fin, round-tube heat 
exchangers under wet condition 
Key Round tube/ herringbone wa.~ fin! wet condition 
• 18 test samples of herringbone wavy fin and round tubes 
Summary • As N increases - f decreases; j decreases esp. at low Re and small fin pitch 
• As Fp decreases - f increases; j increases for N=l and decreases for N=6 
Features Correlations for f and j factors 
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Kim, N.-H., Yun, J.-H. and Webb, R. L., 1997, "Heat Transfer and Friction 
30 Correlations for Wavy Plate Fin-and-Tube Heat Exchangers," J. Heat Transfer, 
Vol. 119, pp. 560-567. 
Category Heat transfer and friction correlations for wavy-fin, round-tube heat exchangers 
under dry condition 
Key Round tube/ wavy fin! dry condition 
• Data from 41 samples with herringbone fins and round tubes 
Summary • Herringbone fin has higher heat transfer than smooth wavy fin 
• Smooth wavy fin has higher j/f due to lower friction 
• Staggered layout has higher heat transfer than inline layout 
Features HTR and friction correlations for staggered and inline tube layouts 
31 
Wang, C. C., Lin, Y. T. and Lee, C. J., 2000, "Heat and Momentum Transfer for 
Compact Louvered Fin-and-Tube Heat Exchangers in Wet Conditions," Int. J. 
Heat Mass Transfer, Vol. 43, pp. 3443-3452. 
Category Effect of geometry and operating condition on heat transfer and friction performance of louvered-fin, round-tube heat exchangers under wet condition 
Key Round tube/ louvered fin! wet condition 
• 10 sample heat exchangers with round tubes and louvered fins 
• As N increases - f is independent; j decreases at low Re and is independent at 
highRe 
Summary • As Fp decreases - f increases and j decreases at Re<1000; Fp has little effect on 
f and j at high Re (esp. N=2) 
• Condensate retention - more retained mass at low Re and smaller fin pitch 
• Higher humidity - increases pressure drop; j factor is insensitive to RH 
Features f and j correlations for Reoc = 400~ 3000 
33 
Wang, C. C., Tao, W. H. and Chang, C. J., 1999, "An Investigation of the Airside 
Performance of the Slit Fin-and-Tube Heat Exchangers," Int. J. Refrigeration, Vol. 
22(8), pp. 595-603. 
Category Experiment on the performance of slit-fin, round-tube heat exchangers under dry 
condition 
Key Round tube/ slit-fin! dry condition 
• 12 test samples with slit fin and round tubes 
• As fin pitch increases - heat transfer and pressure drop decreases (heat transfer 
Summary is more sensitive to fin pitch than louver fins) 
• Increasing N - has small effect on friction; decreases j factor 
(j factor shows 'level-off for N>4 at low Re) 
Features Correlations for f and j factors (Friction factor correlation is incorrect) 
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34 
Emery, A. F. and Siegel, B. L., 1990, "Experimental Measurements of the Effects 
of Frost Fonnation on Heat Exchanger Perfonnance," ASME - HTD, Vol. 139, 
pp.I-7. 
Category Frost fonnation effect on heat transfer and pressure drop perfonnance of plain-fin, 
round-tube heat exchangers 
Key Round tube/ plain fin! frosting condition 
• One sample heat exchanger with round tubes and plain fins 
Summary • Total heat transfer coefficient depends primarily on specific humidity and 
surface temperature 
• Airside pressure drop increases significantly by frost accumulation 
Features Frosted surface multiplier correlations for pressure drop and heat transfer 
coefficient - Reynolds number is neglected; Data from only single sample coil 
35 
Abu Madi, M., Johns, R. A. and Heikal, M. R., 1998, "Perfonnance 
Characteristics Correlation for Round Tube and Plate Finned Heat Exchangers," 
Int. J. Refrigeration, Vol. 21(7), pp. 507-517. 
Category Perfonnance characteristics of round-tube heat exchangers with plain and wavy fins under dry condition 
Key Round tube/ plain & wavy fin! dry condition 
• 28 round tube samples with plain and herringbone wavy fins 
• Fin thickness - doesn't influence friction; higher HTR for smaller fin thickness 
Summary • Number of tube rows has little effect on friction 
• j and f factor correlations for plain and wavy fin heat exchangers 
- Applicable range of parameters is clear!y stated 
Features Figures are hard to interpret because of poor organization 
38 
Van, W. M. and Sheen, P. J., 2000, "Heat Transfer and Friction Characteristics of 
Fin-and-Tube Heat Exchangers," Int. J. Heat Mass Transfer, Vol. 43, pp. 1651-
1659. 
Category Comparison of fin types on the perfonnance characteristics of round-tube heat 
exchangers under dry condition 
Key Round tube/ plain & wavy& louvered fin! dry condition 
• Both dimensional and non-dimensional plots are presented 
• Increasing N - decreases plain and louver-finj factor at low Re; little effect at 
highRe 
• Smaller fin pitch - higher friction; higher j factor for plain fin; 
Summary Inconsistent trend on louver-finj factor; 
• Area goodness comparison (cr2j/f) 
- I-row: wavy> plain> louver; 2-row: wavy> louver> plain 
- wavy fin is advantageous at low Re <1500 
• Volume goodness comparison (S2: HTR power, S3: Fan power) 
Features 
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40 
Manglik, R. M. and Bergles, A. E., 1995, "Heat Transfer and Pressure Drop 
Correlations for the Rectangular Offset Strip Fin Compact Heat Exchanger," 
Experimental Thermal and Fluid Science, Vol. 10, pp. 171-180. 
Category Performance correlations for rectangular offset strip fin, flat-tube heat exchangers 
Key Flat tube/ rectangular offset strip fin! dry condition 
Summary • 18 sample heat exchangers with rectangular offset strip fins 
• f andi factor correlations - functions ofRe and geometry (a, ~,~) 
Features Non-serpentine fin 
41 Chang, Y. J. and Wang, C. C., 1997, "A Generalized Heat Transfer Correlation for 
Louver Fin Geometry," Int. J. Heat Mass Transfer, Vol. 40(3), pp. 533-544. 
Category Heat transfer correlation for flat tube heat exchangers with louvered fins 
Key Flat tube/ louvered fin! dry 
Summary • Data from 91 samples with different geometry 
• Includes both serpentine type (single tube row) and plate type (multi row) fins 
Features Only j factor correlation 
42 
Chang, Y. J., Hsu, K. c., Lin, Y. T. and Wang, C. C., 2000, "A Generalized 
Friction Correlation for Louver Fin Geometry," Int. J. Heat Mass Transfer, Vol. 
43, pp. 2237-2243. 
Catego~ Friction correlation for flat tube heat exchangers with louvered fins 
K~ Flat tube/ louvered fin! dry 
• Data from 91 samples - same as Chang and Wang (1997) 
Summary • Multi-row flat tubes with plate louvered fins have higher friction than single-row 
flat tubes with serpentine louvered fins 
Features Only f factor correlation 
43 
Wang, C. C., Chi, K. Y., Chang, Y. J. and Chang, Y. P., 1998, "Experimental 
Study of Heat Transfer and Friction Characteristics of Typical Louver Fin-and-
Tube Heat Exchangers," Int. J. Heat Mass Transfer, Vol. 41(4-5), pp. 817-822. 
Category Effects of geometry on the performance of louvered-fin, round-tube heat 
exchangers under dry condition 
Key Round tube/ louvered fin! dry condition 
• 17 test samples with different N, fin pitch and tube diameter 
• As N increases - j decreases at Reoc<2000 andj is independent ofN at Re>2000 
Summary • Friction factor is nearly independent ofN and fin pitch 
• At Re<1 000, j decreases as fin pitch decreases; At Re> 1000, independent of Fp 
• Larger tube diameter - increases friction; decreases heat transfer at low Re due 
to ineffective downstream wake region 
Features 
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44 
Du, Y. J. and Wang, C. C., 2000, "An Experimental Study of the Airside 
Performance of the Superslit Fin-and-Tube Heat Exchangers," Int. J. Heat Mass 
Transfer, Vol. 43, pp. 4475-4482. 
Category Updated correlations of heat transfer and friction for slit-fin, round-tube heat 
exchangers under dry condition 
Key Round tube/ slit fin! dry condition 
• Data from 31 test samples with conventional slit fins and superslit fins 
Summary • As N increases - f is nearly independent 
j decreases significantly at Reoc<1000 and is independent at Re> 1000 
Features Extended work from Wang & Tao & Chang (1999) 
45 Wu, G., and Bong, T.-Y., 1994, "Overall Efficiency ofa Straight Fin with 
Combined Heat and Mass Transfer," ASHRAE Trans., Vol. 100, pp. 367-374. 
Category Analysis and comparison of wet fin efficiency calculation methods 
Key Wet fin efficiency 
• Heat and mass transfer are treated in separate terms 
• Variation of driving potential (specific humidity) from fin base to fin tip is 
considered. 
Summary • Effect of relative humidity - overall efficiency is independent of RH for fully 
wet condition (similar result as Threlkeld, 1970) 
• Mentioned problem in McQuiston's fin efficiency calculation method (1974), 
which gives lower overall fin efficiency for higher RH 
Features 
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Appendix C - EES Codes for Wet Surface Multipliers 
{Wet surface mu~tip~ier for round-tube, p~ain-fin heat exchangers} 
{Dry correlation by Wang and Chang (1998), Wang et al. (1996)} 
{Wet correlations by Wang et al. (1997)} 
j4 = 0.14*Re A(-0.328)*(pt/pl)A(-0.502)*(fp/de)AO.0312 
j/j4 = 0.991*(2.24*Re A(-0.092)*(N/4)A(-0.031))A(0.607*(4-N)) 
de = 10.23 
fp = 2.0 
N = 2 
pt = 25.4 
pI = 22 
t 0.13 
f 1.039*ReA(-0.418)*(t/de)A(-0.104)*NA(-0.0935)*(fp/de)A(-0.197) 
j4w = 0.29773*Re A(-0.364)*eps A(-0.168) 
jw 0.4*ReA(-0.468+0.04076*N)*epsAO.159*NA(-1.261) 
fw = 28.209*ReA(-0.5653)*NA(-0.1026)*(fp/de)A(-1.3405)*epsA(-1.3343) 
atub = 2*pi*de 
atot = atub + (pt*pl-.25*pi*de*de)/fp 
eps = atot/atub 
fw/f 
j4w/j4 
{Wet surface mu~tip~ier for round-tube, s~it-fin heat exchangers} 
{Dry and wet correlations by Kim and Jacobi (2000)} 
j 0.4313*Re A(-0.1329)*(fp/de)A1.001*(pl*N/de)A(-0.4967) 
f 3.826*Re A(-0.5959)*(fp/de)A(-0.2392)*(pl*N/de)AO.04879 
de 7.264 
fp 1.5 
pt 21. 65 
pI 12.7 
N = 2 
jw 
fw 
0.4559*Re A(-0.2382)*(fp/de)AO.7139*(pl*N/de)A(-0.6768) 
0.502*Re A(-0.2593)*(fp/de)A(0.1516)*(pl*N/de)AO.5522 
phi f 
phi j 
fw/f 
jw/j 
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{Wet surface mu~tip~ier for round-tube, ~ouvered-fin heat exchangers} 
{Dry and wet correlations by Wang et al. (1999) and Wang et al. (2000)} 
{Re < 1000} 
j_lo = 14.3117*Re AJ1*(fp/de)AJ2*(lh/lp)AJ3*(fp/pl)AJ4*(pl/pt)A(-1.724) 
J1 -0.991-0.1055*(pl/pt)A3.1*ln(lh/lp) 
J2 -0.7344 + 2.1059*(NAO.55/(ln(Re)-3.2)) 
J3 0.08485*(pl/pt)A(-4.4)*NA(-0.68) 
J4 -0.1741*ln(N) 
{Re > 1000} 
j_hi = 1.1373*ReAJ5*(fp/pl)AJ6*(lh/lp)AJ7*(pl/pt)AJ8*NAO.3545 
J5 -0.6027+0.02593*(pl/dh)AO.52*NA(-0.5)*ln(lh/lp) 
J6 -0.4776 + 0.40774*(NAO.7/(ln(Re)-4.4)) 
J7 -0.58655*(fp/dh)A2.3*(pl/pt)A(-1.6)*NA(-0.65) 
J8 0.0814*(ln(Re)-3) 
dh 4*amin*L/atot 
amin = W*(H-de*H/pt) 
atube = pi*de*W*N*H/pt 
atot = (H*L - .25*pi*de A2*N*H/pt)*W/fp + atube 
{N=l} 
f_1 = 0.00317*Re AF1*(fp/pl)AF2*(dh/de)AF3*(lh/lp)AF4*(ln(atot/atube) )A(_ 
6.0483) 
F1 0.1691 + 4.4118*(fp/pl)A(-0.3)*(lh/lp)A(-2)*(ln(pl/pt) )*(fp/pt)A3 
F2 -2.6642-14.3809/(ln(Re)) 
F3 -0.6816*ln(fp/pl) 
F4 6.4668*(fp/pt)A1.7*ln(atot/atube) 
{N>l} 
f_n = 0.06393*Re AF5*(fp/de)AF6*(dh/de)AF7*(lh/lp)AF8*NAF9*(1 n(Re)-4)A(-
1.093) 
F5 0.1395-0.0101*(fp/pl)AO.58*(lh/lp)A(-2)*(ln(atot/atube) )*(pl/pt)A1.9 
F6 -6.4367/1n(Re) 
F7 0.07191*ln(Re) 
F8 -2.0585*(fp/pt)A1.67*ln(Re) 
F9 0.1036*ln(pl/pt) 
jw 9.717*Re AJ1w*(fp/de)AJ2w*(pl/pt)AJ3w*(ln(3-1p/fp)AO.07162)*NA(-0.543) 
J1w = -0.023634-1.2475*(fp/de)AO.65*(pl/pt)AO.2*NA(-0.18) 
J2w= 0.856*exp(tan(theta)) 
J3w = 0.25*ln(Re) 
fw = 
2.814*Re AF1w* (fp/de) AF2w* (pl/de)AF3w* (pl/pt+0.091)AF4w *(lp/fp)A1.958*NAO.046 
74 
F1w 1.223-2.857*(fp/de)AO.71*(pl/pt)A(-0.05) 
F2w 0.8079*ln(Re) 
F3w 0.8932*ln(Re) 
F4w -0.999*ln(filmratio) 
(jw*V)/(h_m*Pr A(2/3)) = 0.2702*Re AO.1739*(0.6+0.8493*abs(filmratio)A(-
0.1652*exp(fp/de))& 
*(fp/pl)AO.1984*NA(-0.501)) 
de = 10.33 
fp = 1. 2 
theta = 25 
N = 2 
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pt 25.4 
p1 19 
1p 2 
1h 1p*sin(theta) 
L = 2*p1 
Pr = 0.707 
h_m = jw*V*ScA(-2/3) 
V = Re*nu/(dc/l000) 
Sc = nu/D 
nu = 15.8ge-6 
D 0.26e-4 
W 850 
H 550 
phi_j_1o = jw/j 10 
phi j hi = jw/j hi 
phi=f-= fw/f_n -
{Wet surface multiplier for round-tube, wa~-fin heat exchangers} 
{Dry and wet correlations by Wang et al. (1997) and Wang et al. (1999)} 
j 1.201/(ln(ReAsigma))A2.921 
f 16.67/(ln(Re))A2.64*(atot/atube)A(-0.096)*NAO.098 
sigma = (pt-dc)/pt 
fp 1. 69 
dc 10.3 
pt 25.4 
p1 19.05 
N 2 
t 0.12 
W 400 
H 300 
atot = (H*N*p1-.25*pi*dcA2*N*H/pt)*W/fp + atube 
atube = pi*dc*W*(l-t/fp)*N*H/pt 
jw = 0.472293*Re AJ1*(pt/pl)AJ2*(pd/xf)AJ3*(pd/(fp-t))AJ4*NA(-0.4933) 
Jl -0.5836+0.2371*((fp-t)/dc)AO.55*NAO.34*(pt/p1)Al.2 
J2 1.1873-3.0219*((fp-t)/dc)Al.5*(pd/xf)AO.9*(ln(Re))Al.22 
J3 0.006672*(pt/p1)*NA1.96 
J4 -0.1157*((fp-t)/dc)AO.9*ln(50/Re) 
fw 0.149001*ReAF1*(pt/p1)AF2*NAF3*(ln(3.1-
pd/xf))AF4*(fp/dc)AF5*(2*GAMMA/mu)AO.0769 
Fl = -0.067+ (pd/(fp-t))*(1.35/1n(Re)) - 0.15*(N/1n(Re)) + 0.0153*((fp-
t) /dc) 
F2 2.981 - 0.082*ln(Re) + (0.127*N)/(4.605-1n(Re)) 
F3 0.53 - 0.0491*ln(Re) 
F4 11.91*(N/1n(Re))AO.7 
F5 -1.32+0.287*ln(Re) 
pd 1. 58 
xf 3.7 
GAMMA = 0.05 
mu = 1422e-6 
phi_f fw/f 
phi j = jw/j 
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{Wet surface multiplier for flat-tube, plain-fin heat exchangers} 
{Developing laminar flow in a rectangular duct} 
Dh = 3.33 
L = 60 
Pr = 0.7 
f*Re = 3.44/sqrt(y) + (fRe+Kinf/(4*y)-3.44/sqrt(y))/(1+C*yA(-2)) 
y = L/(Dh*Re) 
fRe = 19.071 
Kinf = 0.931 
C 0.000076 
j NL/(Re*Pr A(1/3)) 
NL = 4~8983 + 0.090914/x + -0.0007786/xA2 + 0.0000035363/xA3 
x = (2*L/Dh)/(Re*Pr) 
fw 
jw 
f*(0.135*ln(Re)+0.159) 
j*(0.164*ln(Re)-0.02) 
fw/f 
jw/j 
{Wet surface multiplier for flat-tube, slit-fin heat exchangers} 
{Curve fitted data by Alex Tang (2000)} 
{W=248; H=191: L=79: Fp=1.69: Fl=9.8: Ft=O.l: theta a=48: theta_r=31} 
1.8832-0.00045674*Re+1.553e-7*ReA2 
0.54444-0.000011111*Re+4.3944e-24*Re A 2 
{Wet surface multiplier for flat-tube, louvered-fin heat exchangers} 
{Curve fitted data by Alex Tang (2000)} 
{W=287: H=203: L=58: Fp=1.81: Fl=8; Ft=O.l: theta_a=64; theta_r=44} 
0.82552+0.00015303*Re-4.5455e-8*Re A 2 
0.95061-0.00026311*Re+7.9545e-8*Re A 2 
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Appendix D - Developing Channel Flow 
(Inside a round tube with diameter D) 
• Flow regime -laminar flow (Reo<2300); turbulent flow (Reo>2300) 
• Hydrodynamic entry length 
Laminar: (X~h) . ~ 0.05ReD 
lammar 
Turbulent: (x ~h ) ~ 1 0 ~ 60 ~ Approx. independent of Reo 
turbulent 
• Thermal entry length 
Laminar: (x;.t) . ~ 0.05ReD Pr 
lammar 
Turbulent: (x ;.t ) ~ 1 0 ~ 60 ~ Nearly independent of Reo and Pr 
turbulent 
• Sample rectangular channel (Aspect ratio 10:2) 
Fin pitch: Fp = 2.1 mm 
Fin thickness: t = 0.1 mm 
Fin length: Fl = 10 mm 
Flow depth: L = 60 mm 
Airflow 
Approximating rectangular channel flow as circular channel flow with equivalent 
hydraulic diameter 
Dh = 4AIP = 3.33 
Reoh = 500~2000 
(Omy laminar flow regime is considered in this analysis. Turbulent developing 
flow is strongly dependent on inlet condition and quantitative flow 
characteristics are not provided in the references.) 
L+ = LI(DhRe) = 0.009~0.036 < 0.05 
Hydrodynamically developing flow 
GZOh-1 = (LlDh)/(ReohPr) = 0.013~0.051 « 0.05 approximately) 
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Thermally developing flow 
• Heat transfer coefficient (Kays and 
Crawford, 1980) 
Table 8-9 (Ts = constant) 
b/a= 5 
x + = 2(LlDh)/(RePr) 
j = NUavgl(ReDhPr) 
+ x 
0 
0.01 
0.02 
0.05 
0.10 
0.20 
00 
NUavg 
00 
9.74 
7.94 
6.43 
5.74 
5.33 
4.87 
NOTE: Table 8-9 is for thermal entry region (not combined hydrodynamic-thermal 
entry retion) problem which will happen when Pr» 1 but for air (Pr=0.7) Nusselt 
number is underestimated by this assumption. (1 O~ 20% in case of circular tube) 
• Friction factor (Shah, 1978) 
(fRe)+ K(oo) _ 3.44 
3.44 4 L+ ..[if 
/, Re = --+ -----.,,---:-=-
app ..[if 1 + C(rr2 
L+ = L = 60/3.33 
Dh ReDh ReDh 
- From table 1 (Shah) 
• a 
a =[;=0.2 K(00)=0.931;(fRe)=19.071;C=0.000076 
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